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A Cryoscopic Study of the Solubility of Uranium in Liquid 
Sodium at 97.8° C 


Thomas B. Douglas 


The equilibrium temperatures, at various stages of melting, of three samples of sodium 


were measured with a standard deviation of 0.001 degree 
in compact form, and one contained finely divided uranium 


One sample contained uranium 
Impurities lowered the freezing 


points of all the samples by approximately 0.035 degree, but the sodium containing finely 
divided uranium was found to have a freezing point higher than those of the other two 
samples by 0.005 degree, an effect that may be due to a partial purification of the sodium 


by the uranium 
agree within 0.001 degree 


After extrapolation to no impurity, the freezing points of the three samples 
Allowing for errors, it is concluded that the solubility of uranium 


in liquid sodium at 97.8° C probably does not exceed 0.05 percent by weight and may actually 


be many times smaller 
1. Introduction 


One of the most sensitive and convenient methods 
commonly used to estimate the concentration of a 
dilute solution is the comparison of its liquidus 
temperatures (freezing points) with that of the pure 
solvent, if the solid phases are immiscible. This 
method was applied in an attempt to estimate the 
solubility of uranium in liquid sodium at 97.8° C, 
the triple point of the latter element. The equi- 
librium temperatures at intervals from 70- to 100- 
percent completion of fusion of the sodium were 
observed. 


2. Experimental Procedure 


Three samples were prepared, each containing 
6% g of sodium from a batch that had been purified 
by distillation. In addition to the sodium, the 
sample designated as A contained no uranium, 
sample B contained 2 g of a solid section of uranium, 
and sample C contained 2 g of finely divided uranium 
prepared by hydride decomposition. 
were sealed, by induction welding in an oxygen-free 
inert atmosphere, in small cylinders of stainless 
steel type 347. Subsequent tests at room tempera- 
ture and at 150° C indicated leakage through the 
seals to be no greater than 410~" em® of helium 
per second, a rate not taken to indicate a real leak. 

The apparatus for the cryoscopic measurements 
is shown in figure 1. Each sample was suspended by 
a No. 32 nichrome wire in air inside a vertical 
furnace, whose core maintained a highly uniform 
environmental temperature because it was sur- 
rounded by a silver pipe 10 in. long and of %-in. 
wall thickness. The temperature of the silver was 
measured by a platinum resistance thermometer 
whose ice point remained constant to within an 
amount equivalent to + 0.0005 deg throughout the 
measurements. Heat was supplied to the sample at 
will by a constantan heater imbedded in a gold- 
plated copper jacket that surrounded the sample 
container at an average distance of 0.002 in. A four- 
junction differential thermocouple (chromel P versus 
constantan), calibrated in place against freezing 


The samples | 


sodium, enabled precise measurement of the tem- 
perature difference between the silver pipe of the 
furnace and the sample. 

A detailed systematic procedure was followed in an 
effort to make the systematic errors constant and 
thereby to secure accurate differences in temperature 
among the three samples. With the individual runs 
numbered chronologically, runs 1, 5, and 9 were on 
sample A; runs 2, 3, and 4 were on sample C; and 
runs 6, 7, and 8 were on sample B. Run 10 was ona 
fourth sample of sodium, taken from a different batch 
prepared 2 years earlier. Each run was made on a 
different day. 

With the sample in place, the furnace was heated 
to a temperature at which melting of the sodium 
would just begin, and was then held at approximately 
this temperature for the next 3 hr. The sample 
was then heated tor separated intervals of time until 
fusion was clearly complete. Thus at any stage of 
the fusion process the fraction of the total fusion 
heat that had entered the sample could be taken as 
a measure of the fraction of the sodium then present 
as liquid. After each such interval of heating, the 
equilibrium temperature was measured in the follow- 
ing way. The temperature of the furnace was held 
constant (within +0.0005 deg) at a temperature no 
more than 0.003 deg higher or lower than the prevailing 
sample equilibrium temperature,’ until the thermo- 
couple reading appeared to be changing by less than 
0.0001 deg/min. This furnace control was ac- 
complished by means of a 0.7-w variable auxiliary 
heater inside the silver. When the sodium was all 
crystalline or all molten, the difference between its 
temperature and that of the furnace decreased by 
15 percent per minute owing to heat conduction 
through the intervening air spaces. However, dur 
ing melting the error introduced in this way was 
negligible because of the large magnitude of the heat 
of fusion and the ease of maintaining then a small 
temperature difference 

To each equilibrium temperature found was added 
0.012 deg, as the thermocouple reading was found 
to approach —0.012 deg when the temperatures of 
its junctions were known to be rapidly approaching 


ee 
Reversal of the sign of this temperature difference was used to prove that the 
thermocouple read the unbiased relative temperature of the sample 
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4, Sodium sample (with or without uranium); B, sealed container for sample | 
stainless steel type 347); C, suspension wire (Nichrome V); D, platinum re 
sistance thermometer; E, isothermal jacket (silver); F, heater for sample (glass- the 
covered constantan); G, thermocouple reference block (gold-plated copper); H, 
thermocouple junctions (copper bands or tabs); 1, spacers (nichrome V wire); cre 
J, heater leads (copper); K, jacket for sample container and heater cover (gold- san 
plated copper); L, pins for supporting sample container; M, auxiliary heater for - 
silver jacket (platinum); N, Inconel tubing; O, alundum tube; P, main furnace the 
heater (platinum); Q, furnace insulation (silica powder); R, porcelain tube nu 
, 
wit 
in 1 
— : ‘ , the 
equality. In addition, 0.003 deg also was added to | In this equation the total mole fraction of all solutes 
correct for the error due to the estimated azimuthal | n solution in the liquid sodium has been divided into 
temperature gradient in the silver pipe. wo parts. z, designates that part due to solute 
hat, if present at all, is sufficient in amount to main- 
3. Results and Conclusions tain the liquid sodium saturated withit. (This solute 
will be assumed to be uranium only.) 2, designates 
The variation of temperature as the impure | that part due to any solute at all times entirely in 
sodium melts may be predicted from Raoult’s law. | solution in whatever liquid sodium is present; ¢ 1s 
For very small proportions of impurities entirely | the equilibrium temperature (in deg C); & is the \ 
insoluole in the solid solvent (sodium), this law may | freezing (triple) point of pure sodium (also in deg ©, ( 
be written in the approximate form the corresponding value in deg K being 7)); & is the 
gas constant; and ZL, is the molal heat of fusion of D 
7 | . RP} 
t=to— (RT3/L,) (2, +22). (1) | sodium. ; 
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It is evident that as fusion of the sodium progresses 
the increasing amount of liquid available as solvent 


eads to a decrease of 2. but not of 2. 2. may be 


eplaced by its equivalent, 2,/f, where f is the trac- 
tion of the sodium present as liquid when the 
temperature is f, and x, is then the value of x, 


when 


then becomes 


s unity. Equation (1 


RT2r,/L,; RT2r,/L,) (A/f 

Substituting numerical values for the known con- 

tants (R=8.314 j mole"! deg K-', 7, 371.0° K, 

nd L,=2603 j mole~'),? eq (2) may be written in 
present specific case as follows: 


1402, —4402x5(1/f 


The points in figure 2 show for various stages of 
ision the individual observed equilibrium tempera- 
The chronological number of each run is 
hown beside its respective points. [t may be seen 
hat for the same sample there is, in general, more 
ariation from one run to another than in the system- 
tic deviations from linearity of the points of one 
This is due partly to the errors in the caleu- 
fractions melted, these errors arising chiefly 
om the difficulty of determining accurately when 
in each run fusion began and ended. The solubility 
of the steel container in the liquid sodium * should 
have caused a constant error of less than 0.001 deg 
his error has been ignored Temperatures recorded 
when fusion was less than 70 or more than 98 percent 
complete were always decidedly too high to be in 
line with the others and were discarded. It seems 
kelvy that these latter discrepancies resulted partly 
from lack of the expected thermal and composition 
equilibrium, under these less favorable conditions, 
as the samples were neither shaken nor stirred. Also, 
the solubility of unidentified impurity may have 
been exceeded until a large fraction of the sodium 
had become molten 
Equation (3) predicts that as fusion progresses, 
the temperature will increase linearly with the de- 
crease in 1/f. In figure 2 the straight line for each 
sample was obtained from the observed points by 
the method of least squares. The corresponding 
numerical values of the coefficients of eq 3), together 
with their standard deviations (precision), are shown 
in table 1. Several conclusions may be drawn from 
these values 


Coe fliicients of equation sam ples 


‘ 
17. 8199 (+0. 0056 0. 0349 (+0. 0048 
R2OR (+0). 00383 0379 (+0. 002s 
17, 8202 (4-0. 0025 0297 (+0. 0021 


F. Ball, J. Research NBS 45, 23 (195% 
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From consideration of the details of purification 
of the sodium, it appears that the impurity with 
respect to which the liquid sodium was unsaturated 
may well have been largely sodium oxide, Na,O. 
The values of the third column of table 1 give im- 
mediately the corresponding values of 7, the mole 
fraction of this type of impurity in the whole sample 
This averages 8 10°° for samples A and B. This 
value corresponds to 0.02 percent of Na,O by weight,' 
a reasonable amount of impurity from this source as 
it corresponds to the order of magnitude of the solu- 
bilitv of Na,O in liquid sodium at this temperature 
The corresponding quantity for sample C is some- 
what lower than that tor sample A, the difference 
having a standard deviation equal to the difference 
itself. It is possible that sample C actually con- 
tained substantially less impurity of this type, for 
the large surface of the finely divided uranium in 
this sample may have led to the removal of a con- 
siderable amount of the original impurity. Such a 
hypothesis is supported by the known ability of 
uranium to remove oxygen from Na.O at higher 
temperatures. 

If it be assumed that sample A, into which no 
uranium had been introduced, was free of all other 
“saturated” solutes, the value of t;—4402, for this 
sample from table 1 gives 97.82° C as the triple point 
of pure sodium, and from a consideration of the 


4 If the effective molecular we 
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various likely instrumental errors, this value is 
estimated to have an absolute accuracy of + 0.02 deg 
Earlier measurements on another sample of sodium, 


using a less stable copper resistance thermometer, had 


similarls vielded 97.80+0.03° C (see footnote 2). 
The differences among the three values of the 
second column of table 1 will now be examined 


Unless the uranium in samples B and C was com- 
pletely protected from the sodium by some insoluble 
surface film, the values for these two samples should 
be lower than that for sample A by amounts (4407;) 
corresponding to the solubility of uranium in liquid 
sodium at this temperature.’ These differences, 
with their standard deviations, are as follows: For 
sample B, 4402, 0.0009° + 0.0067 and for 
sample C, 44027, 0.0003° +0.0058°. These dif- 
ferences are thus zero within the precision of their 
measurement. The probability that the real differ- 


8 1t seems very unlikely that uraniun pprecial luble in solid sodium 


This fig 
10~°, equ 


| ences exceed 0.02 deg is very small. 
would correspond to a value of x, of 5> 
alent to 0.05 percent by weight of uranium dissoly 
in the liquid sodium if the dissolved uranium is m« 


atomic. It is accordingly concluded from th: 
measurements that the solubility of uranium 
liquid sodium at 97.8° C probably lies between 0) 
and 0.05 percent. 

It seems likely that a radioactive tracer meth, 
would furnish a more definite value for this solubilit 


This work was supported by the Atomic Energy 


Commission. The author thanks C. E. Weber, of t! 
Knolls Atomic Power Laboratory, Schenectad 
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Ginnings, of the Bureau, for advice in designing par 
of the apparatus. 
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Multirange, Audiofrequency Thermocouple Instruments of 
High Accuracy 


F. L. Hermach and E. S. Williams 


Two new types of thermocouple Instruments developed at the National Bureau of 


Standards are described 


The first, called a volt-ampere converter, is used with a direct- 


current potentiometer to make measurements of alternating-current voltage and current 


over wide 


ranges with an accuracy of 0.05 percent at frequencies up to 20 ke/s 


The 


second is a 0.5-percent multirange thermocouple volt-ammeter incorporating simple circuits 


so that the thermal converter be 


connected to it 


may 


1. Introduction 


There have been increasing needs for convenient 
portable instruments for measuring voltage and 
current over wide ranges with high accuracy at 
audiofrequencies. Instruments of better than 0.1- 
percent accuracy are needed for standardizing or 
testing other instruments for precise laboratory 
measurements, and instruments accurate to one- 
fourth or one-half percent, and with low temperature 
coefficients, are needed for the more routine measure- 
ments. For the first type of instrument (0.1% or 
better), accuracy and stability are important require- 
ments. Such an instrument need not be direct- 
reading, but should be portable and reasonably 
convenient to use. The second type of instrument 
0.5% or better) must be direct-reading and should 
have many ranges. 

For the applications mentioned above, thermo 
couple instruments are best suited because of their 
inherent wide frequency range and high sensitivity, 
and because multiple ranges are easily possible. The 
generally poor stability, large temperature influence 
up to 0.3%/deg C), and low overload factor have in 
the past severely limited the accuracy of conventional 
instruments of this type and have deterred their use 
However, recent work at the National Bureau of 
Standards [1]' has shown that these disadvantages 
may be overcome by using selected thermal con- 
verters? (often called thermoelements or thermo- 
couples) as a-c—d-c transfer standards. Methods and 
equipment have been devised at the National Bureau 
of Standards for standardizing instruments with an 
accuracy approaching 0.01 percent at audiofrequen- 
The equipment was designed to make a-c-d-c 
difference tests of instruments quickly and easily, 
and with the highest accuracy. Unfortunately, the 


cles, 


equipment is not portable, and the methods for | 


making ordinary a-c measurements are neither rapid 
nor convenient. This paper describes two new types 


Figure in brackets indicate literature references at the end of this paper 
? Proposed AIEE definition 30.89.040: A thermal converter is a device that 


vn sists of one or more thermojunctions in thermal contact with an electric heater 
ntegral therewith, so that the electromotive force developed at its output 
rminals by thermoelectric action gives a measure of the input current in its 


| 


checked 
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with the indicating instrument normally 


of portable thermocouple instruments developed at 
the Bureau for a-c measurements where rapidity and 
convenience of operation are of greater importance 
than the high order of accuracy required in primary 
standardization work. The first is called a volt 
ampere converter and the second a thermocouple 
volt-ammeter 


2. Volt-Ampere Converter 
2.1. Principle 


The first instrument is a multirange volt-ampere 
converter to be used with a d-c potentiometer for 
measurements with 0.05-percent accuracy at frequen- 
cies from 20 c/s to 20 ke/s. Its basic principle may 
be seen in the elementary diagram of figure 1. In 
this instrument the heater of a single thermal con- 
verter is connected in series with appropriate resistors 
for voltage measurements and is connected in parallel 
with appropriate shunts for current measurements 
The resulting output electromotive force of the ther- 
mocouple is balanced against the voltage from an 
internal d-c “bucking circuit’, B. Balance is indi- 
cated by the null reading of a built-in galvanometer, 
G. The heater is then switched to an internal d-c 
circuit, which is adjusted to give the same output 
emf and therefore equivalent heater current and 
voltage drop. The voltage, \’,, across a portion of 
this circuit is then measured with an external poten- 
tiometer and is multiplied by a simple factor to ob- 
tain the unknown alternating voltage or current. 

From figure 1, under ideal conditions of negligible 
ac-de differences, we have, for voltage measurements, 
since 8 I, V. IR, TR, V,(R, B.), where RP, 
R,.+R,. From figure 1,b, we have, for current 
measurements, since \V,=V T,=V,ht’,=V,/R’, 


; a p> p 
where P: 


(R,R,) (R,- R,). 

A consideration of the circuits and these formulas 
shows that the measured alternating quantities are 
not dependent upon the conversion characteristics 
E=f(1) of the thermal converter. They are depend- 
ent only on the potentiometer reading and the inter- 
nal resistors, which can be made highly stable and 
whose values can be determined with great accuracy. 


3 The principle of this instrument is briefly described in section 9 of reference [1] 














To realize this accuracy, however, the following 
requirements must be met 

|. The resistors must be properly adjusted and 
must be sufficiently stable 

2. The impedance of the a-c resistors, ?,, and &,, 
must be equal to their d-c resistance to the desired 
accuracy 

}. The a-c-d-e difference of the thermal converter 
must be reasonably small over the desired frequency 
range 

t+. The drift in the thermal converter and the 
internal d-c bucking circuit must be small enough 
that significant changes do not occur during a meas- 
urement 

5. The switches, wiring, and other components 
must be of the highest quality and with adequate in- 
sulation resistance. Switches and other contacting 
parts should show low and repeatable values of con- 
tact resistance and should not introduce objectiona- 
ble thermal electromotive forces 

6. A null potentiometer of suitable range and ac- 
curacy must be used 


2.2. Compensating Circuits 


The basic formulas show that the results are par- 
tially dependent on the heater resistance of the 
thermal converter, 2,. Because of its temperature 
coefficient, the value of the heater resistance is de- 
pendent upon the heater current. In addition, as 
explained later, the resistance may be permanently 
changed by moderate overloads, so that it cannot 
be relied upon with the same certainty as the other 
resistors in the circuit. Fortunately, for the usual 
current and voltage ranges, ?.<R,<R,,, so that 
the heater resistance need not be highly stable and 
need not be known with great accuracy. However, 
it was found possible to modify the basic circuits so 
that this resistance need not enter into the formulas. 
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Fiaure 2 Compensating 


As shown in figure 2,a, the modification for voltag 
measurements consists in adding to the internal d 
circuit a resistor, /?,,, equal to the resistor (multiplier 
connected in series with the thermal converter in thy 
a-c position of the selector. For current 
ments, as shown in figure 2,b, a resistor, 2,, 
to the shunt resistance, is added to the d-e circuit 

From figure 2,a, we have, with the switch throw 
to the left, V.—J,(R,, +R, With the switch throw 
to the right, we have V TR, and J,R, T,R,R 
R,-+-R,,). where J, is the current through the heate: 
Thus V, ,R,)R,+R,)/R, and, since J,=J,, wi 
find that V, VR,,)/R, 

From figure 2,b, we have, with the switch throw: 
to the left TLR,R R,4-R IR, where / 
the current through the heater With the switch 
thrown to the right, we have V, 1,(R,+R 
Thus, as J,=TJ,, we find that J,=—V,/R 


Thus, rather remarkably, when these compensating 


meusure 


circuits are used, the measured quantity is not 
dependent upon the heater resistance, R,. The 
circuits are practical, and the added resistors (one 


for each voltage and current range) need be of onl 


moderate accuracy. 


2.3. Description of Volt-Ampere Converter 


A wiring diagram and a photograph of th 
instrument constructed in accordance with the 


principles and requirements just outlined are shown 
in figures 3 and 4. The instrument combines both 
current- and voltage-measuring circuits, with switch 
selected ranges of 15, 30, 75, 150, and 300 vy, and 
0.1, 0.25, 0.5, 1, 2.5, and 5 amp. It is completely 
self-contained and is intended for use with the usual 


general-purpose 1.5-v null potentiometer of 0.01- or 


0.02-percent accuracy. For these voltage ranges 
the series resistances, ?,,, are so high that there is 
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for heater resistanes The 
current 
and made it unnecessary, 


the need to compet psat 


mpensation for the ranges was incorpo 


ted. however! to adjust 
ch shunt to odd resistance values The nominal 
tput voltage, V,, at rated input voltage is 1.5 v 
is 0.5 v at ratec Input current The latter value 
chosen so that a series of 0.5-v a-c shunts nor- 
ily used at the Bureau for current-transformer 
ng could | this instrument for 
isurements of currents above 5 amp [2] 


fe conner ted to 


\ 7.5-ma, 10-mv thermal converter of the insu 
iting-bead type (one thermocouple junction 
ittached to the heater by an electrically insulating 


ead) isusedinthisinstrument. Its a-c—d-c difference 

not more than 0.01 percent at audiofrequencies 
rhe a-e resistors for the voltage ranges and the two 
est current high-grade 0.05-percent 
diofrequency resistance cards. The four-terminal 


ranges are 


ifilar (parallel-strip) a-c shunts for the 5- and 2.5- 
amp ranges were constructed at NBS of 8-mil 


manganin strip 0.5 em wide, with 4-mil woven-glass 
tape as insulation. Bifilar shunts of No. 20 man- 

inin wire were constructed for the 1- and 0.5-amp 
Consicerable care was taken in connecting 
of the a-c shunts to minimize inductive coupling 
between the current and potential circuits of the 


ranges 


hunts. These arrangements were adequate to keep 
the a-c impedance within 0.05 percent of the d-c 
sistance, even at 20 ke/s. The wire and strip 


ere initially annealed at 500° C, and the completed 
hunts were aged at 150° C for 24 hr before final 
idjustment 

The 200-ohm resistor, across which the d-c poten- 
tiometer is connected for voltage measurements, 
was made of manganin. The compensating resistors 
in the d-e circuit need not be carefully adjusted. 
\ctually, 1-percent wire-wound resistors were used 
Che built-in light-beam galvanometer has a sensi- 
vitv of 0.3 wa/mm, a resistance of 10 ohms, and an 
external critical-damping resistance of 30 ohms. 
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Newly 


Swit hes 


available rotary 


developed commercially 
W ith 
internal 
instrument 


enclosed solid-silver contacts and a 
unique eireuitl are important components 
in the Mercury cells of 3-amp-hr 
capacity are used as the internal d-c sources because 
of their flat discharge-voltage characteristic and 
very long shelf life. The combined drifts in the 
balancing circuit and the thermal converter are less 
than 0.001% /min 

\ useful feature of this 
is a 7.5-ma, 0.5-v rectifier instrument, which is 
switched in place of the heater when the thermal 
internal d-e 


ance what effect circuit 


volt-ampere converter 


converter is connected to the 
This instrument tells at a ¢g 
changes have on the measured current or voltage 
It also indicates within 5 percent what voltage to set 
on the potentiometer. In addition, it can serve as 
a valuable overload protector, if the thermal con 
verter is switched to the a-e circuit only when the 


source 





rectifier instrument is on scale 

\ spare 7.5-ma thermal converter having a bifilar 
manganin resistor in series with the heater, to adjust 
the total ohms 0.6 percent, is 
mounted in the instrument As the calibration of 
the instrument does not depend on the conversion 
characteristic of the thermal converter used, the 
converter, if burned out, may be replaced by this 
spare quickly and easily and without any effect on 
the accuracy of the instrument 

In use, the volt-ampere converter is switched to 
the desired range, and, with the selector on “Reet 
Inst,’’ is connected to the circuit to be measured and 
to a suitable null potentiometer. If the rectifier 
instrument is on seale, the selector is switched to the 
No. 1 the thermal converter to 


resistance to Ob 


position to connect 


the a-c circuit, and the controls of the bucking 
circuit (marked No. 1) are adjusted to bring the 
deflection of the built-in galvanometer to zero.‘ 
The selector is then switched to the No. 2 position, 
and the controls of the internal d-c source (marked 
No. 2) are adjusted to give zero galvanometer 
deflection. The potentiometer is then balanced and 
read in the usual way, and the observed voltage is 
multiplied by the factor marked on the range switch 
of the volt-ampere converter to obtain the measured 
a-c voltage or current. Separate coarse and fine 
three-turn helically wound adjustable resistors per- 
mit both the No. 1 and No. 2 adjustments to be 
made reasonably quickly and easily and with the 
required precision. 


2.4. Tests of Converter 


Table 1 shows the results of a-c—d-c difference tests ® 
and of sucgessive reversed d-c calibrations of the 
volt-ampere converter. They are an indication of 
the accuracy that is possible with this instrument. 
In the table the percentage d-c correction, d, is the 
value to be added to the reading of the potenti- 
ometer (connected to the “Potr’’ posts of the con- 
verter) to obtain the true direct voltage or current. 
The percentage a-c—d-c difference, a, is the percentage 
difference in voltage or current required for the same 
indication of the converter, a plus sign signifying 
that more alternating than direct voltage or current 
is required. For measurements that justify the 
application of these corrections, the alternating 
quantity, (’, being measured can be computed by the 
formula Q=NV,(1+a+d), where N is the factor 


* Actually, any deflection is permissible, provided that the same deflection is 
repeated with the selector in the No. 2 position 
These tests were made with the equipment described in reference The 
thermal converters and newly developed voltmeter elements have now been 
intercom pared and tested at frequencies up to 1 M« 


TABLE 1 


Reversed d-¢ corrections 


plie« 
Range API - t 1942 1953 
quantity 
April July Jan July 
a) if a0 +o Ol 0.04 0.04 0.04 
| 2m +. 01 
1s | Isa + Ol Os 4 06 
i ”) +. 02 
» j 75 +. 02 r2 02 4 
| ”) +. O01 
j » + OF oo +. Ol ad 
ww } A) + (7 
15 | 15 12 +. Of +. OS +. 06 
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marked on the range switch, and V, is the pot 
ometer voltage. 

The d-c tests showed an early change in the 2 
ohm resistor which the potentiomete: 
connector for voltage ranges but have not sho 
any other significant drifts. The heater of 
thermal converter used in this instrument is 
nickel-chromium alloy with a +0.02%/deg 
temperature coefficient. The resulting chang 
resistance with current (about 3% at rated curre: 
causes the correction of the lowest voltage rang: 
depend slightly upon applied voltage. Becaus« 
the compensation circuit, the change in heater resi 
ance does not affect the accuracy of even the low 
current range 

The a-c—d-c tests show that the voltage ranges a 
useful to 200 ke/s and the current ranges to son 
what more than 20 ke/s It is believed that 
thinner manganin strip and thinner insulation ws 
used in place of the 4-mil strip and the No 
manganin wire for the shunts of the four higher 
current ranges, this frequency limit could be raise: 
to 100 ke/s 


across 


» 
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3. Thermocouple Volt-Ammeter 


3.1. Principle 


The second instrument is a thermocouple volt- 
ammeter having a suitable millivoltmeter connected 
to the output of the thermal converter. The sus- 
tained accuracy in service of the usual instrument of 
this type is limited by the relatively high temperatur 
coefficient of the combination (0.1 to 0.3%/deg C 
and by changes in the converter, probably due to 
stress relaxation of the heater, to moderate overloads 
or to leakage of air into the evacuated bulb. It is 
often desirable, but seldom convenient, to test such 


Tests of VBS rolt ampere converte 


a-c-d-c differences 
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Elementary diagram of volt-ammete 


an instrument by comparison with a d-c instrument 
at one scale point before important measurements 
are made with it.° In this new instrument, the d-c 
millivoltmeter itself, together with appropriate 
resistors, is arranged as a milliammeter to provide for 
the important single-point check of the thermal con- 
verter, and adjustable resistors are incorporated to 
compensate for any changes 

Figure 5 is an elementary diagram of the circuit. 
With the selector switch in check position A, the 
heater of the 7.5-ma converter is connected to an 
internal d-c circuit , and the millivoltmeter, M, in 
series With a manganin resistor is connected across a 
50-mv manganin shunt. The resulting milliammeter 
7.5-ma full seale) has negligible temperature in- 
fluence. Resistor A is then manually adjusted for 
full-scale deflection of the instrument, which corre- 
sponds to rated heater current. In check position B 
the millivoltmeter is connected to the thermocouple 
circuit, and resistor B is adjusted to give the same 
full-scale deflection, which is the correct deflection for 
this current.’ The checks can be made quickly and 
conveniently without disconnecting the leads from 
the terminals of the instrument. 


3.2. Changes in Heater Resistance 


Experience with thermal converters has shown, 
however, that additional precautions are necessary 
to insure complete accuracy in the measurement of 
current. The heater resistance of a converter may 
be permanently changed by as much as 0.5 to 1 
percent by moderate overloads that do not burn out 
the converter. If the heater is shunted for current 





* As an example, embarrassing errors were caused in a recent instance by a 
+percent change in reading of a thermocouple voltmeter between regularly 
heduled tests of the instrument, probably because of air leakage into the glass 
bulb of the thermal converter 
An a-¢ “‘self-checking”’ instrument, which accomplishes the same end purpose 
this instrument, but in a different way, has recently been developed com- 
ercially (3]. It uses a standard cell and galvanometer connected across a resistor 
the direct-current standard 
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liagram of volt-ammete 
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measurements, such changes can cause an almost 
equal error. Furthermore, allovs used for 
heaters have such a large temperature coefficient of 
resistance that the corresponding resistance change 
must be taken into account 

Table 2 shows the results of measurements of the 
permanent change in resistance caused by overloads 
of typical. low-range thermal converters. In these 
tests the current was held for a few seconds at the 
overload indicated, and the change in resistance was 
then measured at normal current. The altered 
value of resistance was not affected by subsequent 
operation at rated current. 


some 


TARLE 2 Effect of overloads on resistance of ‘ rl 
onvertlers 
. Change ir 
Converter Rated me 
ame mowed resistance at 
t ‘ 
ane , rated current 
ma 
5 20 +4 
j2v0 0 
7.5 300 + .4 
1350 + ‘ 
” + l 
10 {20 
(250 + .6 


To guard against errors due to changes in heater 
resistance, a circuit was provided in this instrument, 
as shown in figure 6, for checking the heater resistance 
with the same millivoltmeter. In check position C 
the millivoltmeter, in series with manganin resistor 
R;, is connected across the heater and shunt R,. 
Resistor R; keeps the effective resistance of the 
battery circuit the same in this position as in check 
position A, so that the battery current does not 
change. If the resistance of the heater of the con- 
verter has the proper value, the millivoltmeter will 
deflect to the full-scale mark 
















3.3 Description of Volt-Ammeter 
‘| he 


instrument (fig. 7) was constructed in aeccord- 


ance with the diagram in figure 6 With this instru 
ment, voltage and current can be measured succes 
sively mn the same circuit without changing leads to 
the instrument Ranges of 7.5, 15, 30, 75, 150, and 
0 v. and 20. 50. 100. 200. 500. 1.000. 2.000. and 
».000 ma are provided The thermal converter 1s 
ot the same tvpe and range used in the first mstru 
ment, as are the a-c resistance cards for the voltage 


ranges \ n the other instrument, a bifilar man 
oan re tor is connected in series with the heater 
of the converter to nayust it to t! propet value 
An Avrton-Mather ring shunt ° was constructed for 
the current ranges, with commercial a resistance 
eards for the four lower ranges and bifilar manganin 


Resistors R 


and after 


wire d strip tor the higher ranges 
i and R 


artificial aging, were 


were wound ol i 
the 5-mv,. 25-ohm 
mill voltmeter R im nm part a nevrantlive tempera 
coelhicient which great! the 
temperature coefficient of the overall thermocouple 
nstrument stability of 


adjusted 


resistol reduces 


ture 


The long-time this resistor 


is not important because of the compensating circuit 

As shown in figure 7, the range switches and input 
binding posts are on the left side of the millivolt- 
meter, and the selector switch and the helically 


\ and B 


scre wariver operated 


on the right. A 


prevents 


wound adjusting resistors 
control 
Ihe 


converter are 


submerged 
accidental rotation of resistor B temperature- 
sensitive the mounted in 
the wooden box that houses the millivoltmete 

As in the instrument, the feasibilitv of these 
circuits depends upon the quality of the components 
and ther 
the switches 
certain 
This is especially import- 
Here, 


the en losed silver-contact switches, originally 


resistor and 


iirst 


The leakage resistance, contact resistance 
mal electromotive force mtroduced by 
and adjustable resistors must not exceed 
easily computable limits 
ant in the low-voltage thermocouple circuit 
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* With a constant heater 


ranges for this type 
, 


current, the rat f the put 
of shunt 1 
” used for all 
tem perature 


currents on 
independent f the heater resistance 


ny two 
Thus the 
dependence of heater 


same scale can current ranges in spite of the 


resistance upot and therefore upen current 
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developed for d-e are 
components. ‘Tests by 
that in ordinary the 


switches are less than 0.001 ohm 


potentiometers import 
the manufacturer indi 
contact resistance of 
the thermal elect 


motive torces venerated are less than l wv. and 
insulation resistance is greater than 10’ ohms 
No overload protection has been built into 


instrument, but matched thermal converters bh 
been selected for replacement It has been lo 
possible to select converters in this current 


from larger lots, which mateh within 0.3 percer 
full seals whe n adjusted for equality ol millivoltm 


deflection at rated this 
Thus the 
necessary 

The 


moco iple 


current us ih mstrume 


expense ol recalibration should not 


in case of burnout 


instrument is used like anv conventional t 


instrument Readings are made dire 


in divisions and tenths of a division on a 100-din 
the 


for the voltage ranges and are multiplied by a sim 


scale for eurrent ranges and a 150-division si 


factor given on the switch to convert to \ 
or milliamperes 
ot the scale 
and reading 


range 
Besides simplifying the mar! 
this greatly reduces errors of estimat 

The checks can be made at any tir 
without disconnecting the leads from the cireuit 
the instrument, by simply rotating the selector swit 
to check positions A, B, and C in succession, and : 
justing the A resistor for full-scale deflection of 1 
millivoltmeter Adjustment of the B 
rat ly hecessary, and only an ove rload ora very lar 


resistor 


temperature change could be expected to cause 
reading in the C position to be in error.” 


3.4. Tests of Volt-Ammeter 


Table 3 shows the results of a-c 


and d-c tests of the thermocouple instrument 


TaBLe 3 Tests at full scale of NBS ¢ pe t th 
moet 
kK ed d-c co “ 
‘ : e 
A i - 
Ra 
Oct Ja 
7 ik wk Hk LI 
wWi2 1¥S3 1v 
ww LD 
1™ ™ 0.0 0 
7 0 l 
u w) 1 r l 
1 1 l 0 0 
7 l l 0 
1m 
1 0 1 0.f 
2 I 1 { 
l l l 2 ‘ 
ma ma 
uM) un) 0 2 0 2 
an a” +1 +2 1 0 0 1 4 
1 me 0 + 2 1 0 0 2 
”) ”) 0 + 2 | 0 ‘ " 
» » 1 - 2 0 } 0 0 


* If the heater resistance has changed, a correction to be 
range can readily be determined from the resulting change in deflection of 
instrument in check position C. Because an Ayrton-Mather shunt is used 
correction is the same on each current range Calculations and tests show t 
the percentage of the indication to be added to the reading on any current ra 
due to a change in heater resistance is approximately equal to the 
increase in deflection in check position C 


applied to each curt 


percent 


d-c difference Lests 
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this table the percentage correction 1s the value to 
I added to the indication of the instrument to ob 
iin the true direct current or voltage 
percentage difference 
voltage 


and the a-c—d-e 
in alternating 
nal direct current of to produce the Same 
Only the tests included 
Reversed d-c measurements were made 


ference is the 
ndication at full seale are 
the tabl 
the time of the first test at everv cardinal scak 
nt on the 150-v and 2-amp ranges The observed 
each of these cardinal points 
a proportional part ol 
that is 


etion m (liv IsioOns a 


adjusted by subtracting 


observed full-scale correction 
eting C,D/D,, where C, is the full-seale correction 
dD), and DP) are the number of full-seak 

the number of divisions at that cardinal point 
igure &, 


by sub- 
divisions 


spectively The plotted results, show 
scale corrections Tol both si ales and were ve rified 
tests at two cardinal points on other ranges 
cha plot and a table ol full-s« ale corrections for 
h range greatly simplify the application of cor 
ons to the reading ola multirange instrument 
wh as this. The d- point is 
mply the scale correction plus a proportional part 
of the full-scale correction for that 
isily calculated mentally 
the corrected d-c value plus the a-c—d-e difference 
of the instrument (which is usually negligible). The 
d-c difference and th 
etermined only one 
ade only at full seal 
direct current 
The results of the a-c—d-« 
negligibly small 


ranges even at 20 ke/s 


correction at any 


range, and is 
The a-c value is simply 


scale corrections need be 
and subsequent tests need be 
on each range with reversed 


tests of this instrument 
frequency influence on all 
Measurements at two cardi- 
nal points on several ranges showed no significant 


show 


(lé pendence of a-c d-c difference upon scale position 
he voltage ranges are a tually useful to 200 ke/s or 
iore, and the current ranges to 50 ke/s 

Tests of the temperature influence of the instru- 
ent were made on the 150-v and 1l-amp ranges at 
temperatures between 25° and 40°C. The tempera- 
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Figure 8 Scale corrections for volt-ammete 


rhe instrument was originally constructed with a helically wound adjust 

© resistor in series with the heater of the thermal converter to compensate in 

ck position C for any change in heater resistance. However, its inductance 

ited the frequency range of the instrument to 20 ke/s, so that it was later 
ed, and the checking circuits were rewired in their present form 
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ture coefficients caleulated from these results were less 
than 0.02°) deg C before the checking procedure 
was carried out and were less than 0.010, deg C 
afterward. Preliminary tests had shown that the 
temperature coefhicient of the instrument before the 


Lemperature-sensitive resistor and cher king eimrcuits 


were connected was about 0.12°,/dee C, and that a 
large part of this arose in the thermal convertet 
itself. It does not appear to be generally realized 


that thermal 
coethcients ranging 


converters 
Ip to 
These tests indicate that this instrument may prop 


may have temperature 
0.3% deg C 

erly be considered to be in the 1/2-percent-accuracy 
class and will remain within this accuracy over an 
extended range of temperatures. The construction 
of a '-percent instrument of this type might prove 
feasible but would depend largely on the inherent 


stability and readability of the millivoltmetet 


4. Summary 
4.1. Volt-Ampere Converter 


The volt-ampere converter can serve as an acces 
sory to the d-c potentiometer to make possible the 
measurement of alternating current and voltage over 
a wide range of frequencies, just as a volt box ot 
shunt box is used to extend the range of the poten 
tiometer for d-c measurements. The formulas are 
the same in appearance as those used with a volt box 
or shunt box, and, indeed, the multiplying factor to 
convert the potentiometer readings to a-c volts o1 
amperes are exactly the same as those that would 
appear on the d-c range-extending devices. Thus 
the volt-ampere converter, by an adaptation of the 
transfer principle, may be extend 
potentiometric techniques to a-c volt-ampere meas- 
urements, with the following advantages 

1. High accuracy better than that 
obtainable with any portable deflecting instrument 

2. This accuracy is realized over a greatly extended 
frequency range; 20 to 20,000 ¢/s 

3. Without any attendant 
entirely feasible to construct a 
ment—one instrument 
wide range of measurement of 
current. 

4. The volt-ampere converter is portable, self 
contained, requires no external d-c 
trols, and is reasonably convenient and easy to use 


considered to 


Is possible 


loss in accuracy, it is 
multirange instru 
ean be designed to cover a 
both voltage and 


source or cone 


5. The accuracy of the volt-ampere converter 1s 
not dependent, as are other thermocouple instru 
ments, on the long-time stability of the thermal 
converter used. As a consequence, a thermal con- 
verter can easily be replaced by another of the same 
range and heater resistance without affecting the 
accuracy of the volt-ampere converter and without 
requiring its recalibration. 


It is recognized that a sensitive millivoltmeter suitable for indicating thern 
couple electromotive forces is not as rugged, and therefore may not be as stable 
as the more usual d-c milliammeters, of ranges greater than about 2 ma, that 
utilize higher operating torques 


6. To insure continued high accuracy, the instru- 
ment can easily be periodically tested on direct cur- 
rent by means of the potentiometer and its d-c 
accessories. The a-c-d-c differences are permanent 
and need ordinarily be determined only once. 

7. The small rectifier instrument insures some of 
the advantages provided by a deflecting instrument, 
and, in the normal sequence of operations, can serve 
to prevent converter burnout. 

The volt-ampere converter has the disadvantage 
of requiring two extra balancing operations for each 
measurement, but experience shows that these can 
be made quickly and easily. It has the weakness 
that inadvertent adjustment of the thermocouple 
balancing voltage instead of the heater current when 
the converter is on direct current can give erroneous 
results. This could be prevented, however, in a 
number of ways, such as by incorporating a mechani- 
cal device to disconnect the adjusting resistors of the 
bucking circuit when the converter is switched to 
the internal battery, or by providing a sliding cover 
plate, rotated by the selector switch so as to cover 
up the controls that should not be used 


4.2. Thermocouple Volt-Ammeter 


The \-percent thermocouple volt-ammeter is a 
conventional multirange instrument, except that it is 
provided with additional circuits and components to 
permit using its indicating instrument to check the 
thermal converter, and with manual adjustments in 
the thermocouple circuit for compensating for con- 
verter changes. In addition to detecting and com- 
pensating for changes in the thermal converter, this 
makes possible a thermocouple instrument of very 
small temperature coefficient. The added circuits 
are simple, the components are inexpensive, and the 
instrument is easy to use. Although more limited in 
accuracy, this instrument retains many of the advan- 
tages of the volt-ampere converter, and is, in addi- 
tion, direct-reading. 





5. Conclusions 


Two electrothermic instruments have been dey 


oped to meet specific needs at the 
of Standards. The first serves as a 
a-c testing of ammeters and voltr 


National Buri 
standard for t 
neters in the 


percent-accuracy class or better that are sent in 


NBS for certification. The second i 
measurements at audiofrequencies 


s used for gener 
and for tests 


electronic and panel instruments, and, in conjur 


tion with a suitable attenuator, has 


venient for the testing of electr 


These instruments have been desc 
their novelty and usefulness, and 


proved very co 
onic voltmeters 
ribed because 

because it is bh: 


lieved that similar instruments may well meet lik; 


needs in other laboratories 


The development of these instruments, based or 


the transfer principle, has served to 


demonstrate thx 


high order of accuracy attainable by this method fo 
the measurement of both current and voltage ove: 
wide frequency ranges. The demonstrated gains 
overcome the limitations of conventional thermo 
couple instruments arising from temperature influ 


ence or the likelihood of changes 


in the thermal! 


converter, and, it is hoped, will lead to wider labora- 
tory use of electrothermic instruments. 
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Fatigue Notch Sensitivity of Some Aluminum Alloys 
J. A. Bennett and J. G. Weinberg 


The notch sensitivity in fatigue was determined for 248S-T4, 618S-T6, and 75S-T6 alumi- 
num alloys Specimens having theoretical stress-concentration factors of 1.0, 1.4, and 1.8 
were used, and the fatigue-strength reduction factor was based on the number of cycles 
required to initiate the fatigue crack. The values of notch sensitivity for 61S-T6 in the 
small radius specimens and for 248S-T4 were close to unity, Whereas that for 75S-T6 was 
much lower. The data also provide information on the dispersion of fatigue results for the 
different alloys and the portion of the total life required for a fatigue crack to grow to fracture 
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1. Introduction 


The widespread use of aluminum alloys in air- 
craft has been due in large measure to the favorable 
strength-weight ratios of the high-strength alloys. 
However, as design have increased, the 
problem of failure by fatigue has assumed continually 
creater importance. The problem has been studied 
extensively, and the literature dealing with the 
fatigue properties of aluminum alloys is volumi- 
nous {1] ’ 

Because fatigue failures in high-strength metals 
usually occur at stresses lower than those necessary 
for appreciable macroscopic plastic deformation, 
such failures will normally originate at points where 
the stress is concentrated by notches such as holes, 
crooves, scratches, or inhomogeneities in the metal. 
Consequently, the effect of notches on the fatigue 
strength of metals has been extensively studied, and 
several attempts have been made to predict the 
behavior of notched specimens from theoretical 
considerations 2, 3, 4, 5]. 

In studying the results of previous work on fatigue 
notch sensitivity, it was felt that two factors con- 
nected with the experimental work may have affected 
the results in such a way as to obscure the true effect 
of notches on fatigue properties. These factors were: 

|) In many cases no attempt was made to make sure 
that the condition of the surface of the unnotched 
specimen was the same as that of the notched speci- 
men at the point where the fatigue crack would be 
initiated. This was particularly true in tests with | 
very sharply notched specimens. As the presence of 
a cold-worked layer is known to have a great effect 
on fatigue properties, any appreciable difference in | 
the degree of cold-work between the two tvpes of 
specimen would be expected to affect the apparent 


stresses 


notch sensitivity (2) The life of a fatigue-test 
specimen is made up of two periods; that in which no 
visible change occurs but which culminates in the 
formation of a small crack, and that in which the 
crack grows until fracture takes place. In smooth | 
specimens the second stage is usually only a small | 
part of the total life, so that no serious error is in- | 
volved in ignoring it. However, as shown in previous 
work [10], the second stage may constitute 50 percent | 
of the life of mildly notched specimens, and cannot be | 
F | 


Figures in brackets indicate the literature references at the end of this paper 
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neglected. The factors that control the rate of 
growth of fatigue cracks are quite different from 
those governing the first stage. Therefore, if both 
stages are taken together, as in a test run to fracture, 
there is little hope of obtaining agreement with 
theoretical considerations. 

With these considerations in mind, experimental 
work was undertaken to evaluate the fatigue notch 
sensitivity of three aluminum alloys. The following 
report gives the results and a discussion of these 
experiments. 

The symbols used in this report are largely the 
same as those listed in reference [7], namely, S,, 
stress amplitude; N, fatigue life (NV, denotes the 
number of cycles to the initiation of the first crack, 
N, the number of cycles to fracture); A,, stress 
concentration factor; Ay, fatigue strength reduction 
factor; and g, notch sensitivity, equals (A,—1)/ 
(K,-—1). 


2. Materials and Test Methods 


The three materials, 24S-T4, 61S. T6, and 75S-T6 
were obtained in the form of \%-in. diam rod treated 
commercially. No further heat treatment was 
given any of the alloys. The composition of each of 
the alloys, determined by spectrochemical analysis 
(table 1), was within the specification limits. The 
static mechanical properties listed in table 2 are also 
within the ranges typically found in these alloys 

Metallographic examinations showed the three 
materials to be normal in regard to grain size and 
microstructure, except that the 75S contained a large 
number of oversized particles of insoluble constituent 
believed to be the chromium-bearing constituent 
referred to in reference [8]. Particles as large as that 
shown in figure 1 were not unusual, and this is con- 
siderably larger than the example referred to as 
oversize in reference [8]. 

Fatigue tests were made on R. R. Moore rotating- 
beam machines usually operated at 5,000 to 7,000 
rpm. The three types of specimens used are shown 
in figure 2. Fillets were used rather than grooves for 
stress raisers in order to permit better illumination of 
the surface where the fatigue crack would start. The 
theoretical stress-concentration factors, as deter- 
mined from the curves in reference [5], were 1.40 
and 1.79 for the M¢-in. and 0.025-in. radius fillets, 
respectively. 









Fiaure | Large particle of segregate 1 phase in »S- 78 
Particles of th ize were not unusual in the material tested U netched 20 
TABLe 1 S pectroe hemical analyses of alloys tested 

Alloy Cu s b Mn Meg Zn Cr 
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Because of previous difficulty with hand polishing 
of unnotched fatigue specimens, a machine was 
developed to do this operation automatically. As 
shown in figure 3, it consists of three parts: a wheel 
carrying an abrasive belt, a means for supporting 
and rotating the specimen during the polishing 
operation, and a means for moving the specimen 
across the belt during polishing. The wheel consists 
of a number of thin spring leaves, radiating from a 
hub, which press against the belt. This causes the 
belt to conform to the contour of the specimen and 
assures a small uniform pressure between the speci- 
men and the abrasive. The specimen rotates 1 
revolution for 40 revolutions of the wheel, and is 
simultaneously moved across the belt by means of a 
drive nut and cord arrangement. This assures that 
fresh abrasive is being used at all times and reduces 
the possibility of a burnishing action. With the 
wheel rotating at 180 rpm, the specimen moves 
across the belt in about 1 min, and this was usually 
sufficient to eliminate previous machining marks, 
using 600 Aloxite paper as the abrasive. No attempt 
was made to obtain a highly polished surface, but 
the above procedure appeared to give very uniform 
results from specimen to specimen. 

The filleted specimens were polished in the con- 
ventional manner with a rotating wire, over which 
was carried 302 emery suspended in a mixture of 
glycerine and water. The polishing wire was sup- 


ported in a pivoted jig to assure uniform pressure. 
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Figure 2 The three types of specimens used in the investig 
tion 
TABLE 2 Mechanical properties of specimens 


Brinell hard 


Alloy Tensile Yield * Elongation ness number 
strength strength 2 in SO ke 
10-mm ball 
thiin il 
218-T4 73, SO i, So I7.s8 Pa 
os-Te 48, 000 40, 000 21.0 rr} 
758-Tet M, SOO 73, 3OO 16.4 151 


® 0.2-percent offset 


Figure 4 shows a comparison of the surfaces of th: 
unnotched and X¢-in.-radius fillet specimens. All 
specimens were carefully examined to make sure 
that all circumferential tool marks and scratches had 
been removed before testing. 

The minimum diameter of each specimen was 
measured at four positions around the circumference 
on a toolmaker’s microscope at 30 magnification 
Specimens having a variation of more than 0.0002 
in. in diameter were discarded. The fillet radii of 
the stress-concentration specimens were checked at 
the same time that the diameter was measured. 

The determination of the number of cycles at 
which a fatigue crack starts is a difficult and some- 
what uncertain procedure; it is obvious that accuracy 
of the determination will depend primarily on thy 
minimum size of crack it is possible to detect. ly 
previous investigations at the Bureau small crack 
have been detected by (1) measurement of the in 
creased deflection under the test load [9], (2) obse: 
vation of the specimen under stroboscopic light [6] 
and (3) the use of fracture wires [10]. 

Three methods of crack detection were used in th 
present investigation. The first was a deflectio 
method similar to (1) above, except that the contac‘ 
was mounted on a lever attached to one bearing boy 
When the machine had run long enough to reach 
temperature equilibrium the contact was advance: 
to a position just short of touching a fixed plat: 
Any increase of deflection then caused contact with 
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| cRE 3 Appa atus used for polishing ennotched fatique 
lest specimens 
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the plate, which operated an electronic relay to shut 
olf the machine 
The second 
which depended for its operation on the fact that a 
acked specimen will deflect more when the crack 
on the tension side than when it is on the compres- 
This condition results in increased vibra- 
Two 
stop the 
nachime: the first consists of a three-pronged pedestal 
which a steel ball is balanced 
hg : similar, except that the pedestal is 
orizontal and the ball is held on the pedestal by 
the magnetic field of a small permanent magnet 
In both devices the increased vibration caused by a 
k shakes the ball from the pedestal; the ball 
ops between metal plates, completing a circuit that 
huts off the machine. The second device was some- 
vhat useful than the first the force 
holding the ball onto the pedestal could be varied 
an adjustable soft-iron shunt across the poles of 


was a vibration-responsive method, 


oll side 
on of the specimen bearing-box assembly 


bration-sensitive devices were used to 
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permanent magnet 
The effectiveness of either the deflection method 
he vibration method was closely associated with 
he degree of vibration present at the begining of 
When this was sufficient to be felt by 
rule hing the bearing box, there was little chance of 

tecting a small crack 
Che third method of crack detection was merely 
that of inspecting the specimen at intervals during 
he part of the test when there was a chance of the 
rack developing. Often this method was combined 
vith one of the other two by setting the automatic 
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device so numerous 
occurred. By inspecting the specimen each 
the device tripped, the probability of finding a 
small crack was increased, but there was still a large 
element of chance involved 

For inspection, the specimen and 
were removed from the machine and supported in 
an inverted position on the loading-point knife-edge 
Small weights were applied to the ends of 
the bearing boxes to put the upper surface of the 
specimen in tension, and the examimation was made 
with a binocular microscope. A small 
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amp was found to give the most satisfactory 
illumination for the detection of small cracks. The 
central angle subtended by a crack was measured by 
means of a divided drum fitted on one of the bearing- 
box spindles, the ends of the crack being located 
by means of cross hairs in one eveptece, 

When a crack was found, its growth was followed 
by measurements after appropriate periods of 
stressing, and an attempt was made to determine by 
extrapolation the number of cycles at which the 
crack started. Although the variation in the rate 
of crack growth at a given stress was considerably 
less than that in the first stage of the test, it appeared 
that reasonable accuracy of extrapolation could be 
obtained only if the crack had been first observed 
when its length was than 10 percent of the 
circumference. This requirement was considerably 
more difficult to fulfill with the notched specimens 
than with the smooth ones, because the cracks were 
much shallower in proportion to their length and 
were therefore more difficult to observe 

In order to make sure that the periodic stopping 
of the tests did not affect the results, many of the 
tests were run without interruption, but in these 
tests the crack usually extended over more than 10 
percent of the circumference when detected. At 
each stress level an attempt was made to obtain two 
or more reliable curves of crack growth; the N, 
values for the uninterrupted tests were obtained by 
extrapolation the most reliable crack- 
growth curves for that stress level 

The uncertainty inherent in the determination of 
N, was minimized in two ways. First, in tests that 
were interrupted periodically there were numerous 
instances when the origin of the crack was bracketed 
rather closely by two consecutive inspections, the 
first of which did not disclose any crack, and the 
second of which did. Second, the ratio of N, to N, 
was a fairly reproducible function of the stress 
amplitude for a given specimen type and material 
These relationships, shown in figure 6 for the 24S-T4 
specimens, provided a means of comparing the data 
obtained at different stress levels and assisted in 
determining when crack-growth data of sufficient 
accuracy had been obtained. The accuracy of the 
measurement of small cracks was verified on a few 
specimens by removing them from the fatigue 
machine after the first observation of the crack. The 
specimens were then extended under axial tension, 
which made the extent of the crack clearly dis- 
cernible 
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3. Results and Discussion 


It was originally planned to determine the notch 
sensitivity over a range from about 5X 10* to 5X10" 
eyeles. On the basis of some preliminary tests, five 
stress levels were chosen for the tests on each alloy. 
However, as the experimental work progressed it 
was found that the dispersion of the data for the 
75S-T6 unnotched specimens was so large at the 
lowest stress level that it was not possible to obtain 
significant results with a reasonable number of 
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Ficure 7 S-N curves for 24S-T 4 specimens 


| 
| 
Che data points and the solid curves represent the number of cycles for crack 
initiation A short vertical line below a point indicates that the value of N 
| obtained from Ny by using crack-growth data from other specimens 
| 
| 
| 


specimens. Accordingly, the data for this alloy do 
not go beyond about 10° cycles. ; 
Figures 7, 8, and 9 show the N, data for the thre 
| alloys. The trend of the data for the number of 
cycles to fracture is shown by the dashed lines. The 
short vertical lines below some of the data points 
indicate that the cracks in these specimens wer 
relatively large when first observed, or that the 
specimen was run to fracture without stopping, so 
that the N, values plotted were obtained by extra- 
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polation, using other crack-growth data The 
unber of eyeles for fracture of each specimen is 
listed in table 3. The number of specimens listed in 
this table at each stress level does not correspond 
all cases to the points on the graphs of figures 7 
to 9 because of the specimens mentioned above, 
which were removed from the fatigue machine 
ter the first observation of the crack and extended 
nder static load These specimens are represented 
by a point on the graph, but no fracture value 
s available 
In tests of the type B (X¢-in.-radius fillet) speci- 
mens of 75S-T6, some difficulty was experienced 
vith specimens breaking in the straight section 
ather than at the fillet. This was not eliminated 
careful smoothing of the straight section. If a 
ack was found in the fillet after this type of frac- 
ire, the extrapolated value of N, was obtained in 
the usual way. If no crack was found in either 
fillet, it was obvious that V, for that specimen had 
not been attained. Data from these specimens 
ould be used in determining the median if the num- 
ber of eyeles actually run was larger than the median 
itherwise they had to be disregarded. Data of this 
type that were used are indicated in figure 9 by the 
conventional symbol for a specimen that did not 
break. All fractures occurred in the fillets in both 
of the other alloys. 
The median .V, values are plotted in figures 10, 
and 12 in the manner suggested in reference [10). 
In some cases the data plotted in this way lie more 
nearly on a straight line than in the conventional 
plot, thus facilitating interpolation. In other cases 
there is no advantage, but for the sake of consistency, 
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all determinations of notch sensitivity were based 
on the curves of figures 10 to 12 

The fatigue-strength reduction factors for the two 
tvpes of specimens of each of the three allovs are 
shown in figure 13. The notch sensitivity, g, was 
computed by using these data and values of theo 
retical stress-concentration factor obtained from the 
graphs of reference [5]. These data listed in 
table 4 and shown in figure 14 

Because of the widespread current interest in the 
statistical characteristics of fatigue data [11], con- 
sideration was given to the significance of the dis- 
persion of results presented here. It should be 
pointed out that the measurement of N,, unlike that 
of N,, is not precise for a given specimen. As there 
was no way to separate the error of measurement 
from the inherent variability from specimen to 
specimen, it was not thought worthwhile to make 
any extensive quantitative analysis of the dispersion 
of N.. 

However, it was thought that a reasonable com- 
parison between the three materials could be 
tained by considering the data for unnotched specimens 
at all stress levels. This was done by comparing 
each value of NV, with the median for that 
level. The results were as follows: 

248-T4: 50% of the data were within 34% of the median 
V, values 

618-T6: 50% of the data were within 12% of the median 
V. values 

758-T6: 50% of the data were within 76% cf the median 
V,. values 
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The Statistical Engineering Section of the NBS made 
a more rigorous statistical analysis of these same data 
and found that after eliminating one extreme value 
for each of the three materials, they all passed the 
homogeneity of variance test. That is, the variances 
at the different stress levels for each metal do not 
exhibit any more scatter than would be expected by 
chance in a sequence of estimates of a single variance. 
This analysis gave the following results regarding the 
dispersion of all the data for a given material 


Standard devia 


lloy - 

Allo tion of log N 
248-T4 0. 194 
618-T6 123 
758-T6 283 


As these data were obtained under essentially iden- 
tical conditions, the figures above should give a fair 
representation of the relative variability of the fatigue 
properties of the three alloys 

It has been suggested [12] that fatigue data are 
more nearly normally distributed with regard to log 
N than with regard to NV, and that consequently the 
mean of log N is the most desirable representation of 
a group of data. Several groups of the results ob- 
tained in the present investigation were analyzed in 
this way, but it did not appear to give significantly 
different results from the median. As this method of 
analysis did not permit the use of the results from 
specimens that broke away from the fillets, it was 
abandoned 

An attempt was also made to analyze the data from 
the filleted specimens by considering each fillet as a 
separate specimen and treating the data on a “‘weak- 
est of two” basis. Again, no significant change in the 
overall results was noted 

It has been pointed out [13] that there should be a 
correlation between the dispersion of the number of 
cycles to failure in fatigue tests and the dispersion of 
the location of the fatigue-crack nucleus relative to 
the point of maximum stress. It was felt that some 
information on the latter dispersion would be of value 
in studying the effect of microstructure on fatigue 
behavior. Accordingly, the positions of the origins 
of the cracks, relative to the point of maximum stress, 
were determined for about two-thirds of the fractured 
smooth specimens, selected at random. The three 
materials were compared on the basis of the propor- 
tion of cracks starting at points where the stress was 
less than 98 percent of the maximum, as follows: 


Percentage of 
crack origins at 


Vv > 
Allo less than 98% 
of Smax 
248-T4 S 
618-T6 6 
758-T6 22 
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It was also noted that no cracks started in 24> 
61S specimens at points where the stress was | ss 
than 96 percent of the maximum, whereas about |() 
percent of the 75S specimens had cracks start 


where the stress was 90 percent or less. Thus 
data on location of fracture verify the conclu 
that the 755-T6 is more inhomogeneous than 
other alloys as regards resistance to fatigue. 

The locations of the fatigue-crack nuclei were ; 
determined on about a quarter of the filleted sp. 
mens by measuring, on a toolmakers microsco 
the angle between the axis of the specimen and thy 
surface of the fillet at the origin of the crack. Thy 
accuracy of this measurement was probably o 
fair, particularly on the small radius specimens, but 
the results are thought to be of some value. No 
significant difference could be noted between thy 
distribution of locations for different materials or fo: 
different levels. Accordingly, the data fo: 
all specimens of a given fillet radius were grouped 
together, and the resulting distribution curves ar 
shown in figure 15. There appears to be a definit, 
tendency for the cracks to occur at larger angles i 
the small-radius specimens. 

These distribution curves provide a 
comparing the areas in which the stress is sufficient], 
high to initiate fracture in the different specimens 
The data discussed above showed that for the 24S-T4 
and 61S-T6 smooth specimens, about 93 percent of 
the cracks were initiated at points where the stress 
was 98 percent of the maximum or greater. These 
points were in an area extending 0.09 in. each side 
of the center. Using the curves of figure 15 to 
determine the are length in the fillets in which 93 
percent of the cracks would be expected to occur, it 
is possible to compare the “critically stressed area 
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Figure 15. Variation in number of crack nuclei with angle b 
tween specimen axis and tangent to the surface 
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the three types of specimens The ratios 


rined are as follows 


Relative critically 


Specimen type 
stressed area 


Smootn 100 
in. radius 22 
0.025-in. radius 14 


Qn the same relative basis, the area of the straight 
ection of the filleted specimens is 550. 

[wo decided differences will be noted between 
the trends of the notch-sensitivity data obtained in 
this work and most of those previously reported in 
the literature First, the value of q for some of the 
test conditions is close to unity, while many of the 
previously available data show lower values. Seeond, 
more than half of the curves in figure 14 show that q¢ 
decreases with increasing number of cycles to fail- 
ire, Which is opposite to that often found. 

The explanation for the first discrepancy prob- 
ably lies in differences in the methods of specimen 
preparation mentioned in the introduction. If the 
methods used were such that the surface of notched 
specimens was more severely cold-worked than that 
of the unnotched specimen, the resultant value of 
q would be lower than the value obtained from 
specimens having comparable surface preparation. 
The second discrepancy, that in the variation of q 
with stress level, can be explained in part on the 
basis of the divergence between the number of cycles 
to fracture and the number of cycles to initiate a 
crack. The curves of figures 7 to 9 show that in 
general the proportion of the life required for the 
crack to grow to fracture increases with the stress 
amplitude and with the sharpness of the notch. 
Therefore, in tests run to fracture there will be less 
difference in fatigue strength between smooth and 
notched specimens than in tests based on N,, par- 
ticularly at high stress levels. In order to get an 
idea of the magnitude of this effect, the notch sensi- 
tivity was computed on the basis of N,, and it was 
found that for the sharper notch, g did increase 
with increasing number of cycles to failure in the 
tests of 24S-T4 and 61S-T6. However, for the 
mild notch the reverse was true. The values for 
755-T6 specimens for both notches were approxi- 
mately constant at a notch sensitivity of about 0.5. 

In attempting to explain the behavior shown on 
figure 14, one naturally starts with the observation 
that 3 of the 6 curves lie close to a q value of unity 
over most of their length. It is convenient, there- 
fore to assume that this is the normal expectancy, 
and that it is the deviations from this behavior that 
require explanation. It should be noted that the 
values of A, used in the computation of g were based 
on the maximum principal stress in the fillet, so the 
above assumption is equivalent to saying that the 
normal criterion for failure in fatigue is the maximum 
principal stress. 
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The notch sensitivity of the 75S-T6 alloy was well 

| below that of the other materials in both types of 

specimens. In considering the possible reasons for 

this, certain other differences between the behavior 

of this alloy and the lower strength ones appeared 
significant. These were: 

1. The ratio of the fatigue to static strengths was 
lower in 75S8-T6, as shown below. (The fatigue 
strengths used are those of the unnotched specimens 
at 10° eveles 


Fatigue strength Fatigue strength 


Allo : 

, Yield strength lensile strength 
248-T4 0. 60 0. 46 
618-T6 60 40 
758-T6 32 27 


2. As mentioned above, some of the 75S specimens 
with the \¢-in.-radius fillets broke in the straight 
section rather than at the fillet. 

3. The dispersion of N, values 
specimens was greater in this alloy. 


for the smooth 

4. Difficulty was experienced in polishing the 4-in.- 
radius specimens, in that small pits were sometimes 
found after the standard polishing procedure. Also 
some specimens that appeared satisfactory after 
polishing were found to have pits at the origin of 
the fatigue crack. 

Because it appeared that the above differences 
could be explained by the presence of a relatively 
few weak or brittle particles randomly distributed 
in the 75S alloy, an attempt was made to observe 
the microstructures at the origins of the fatigue 
cracks in this alloy. Several specimens were sec- 
tioned transversely and repeatedly ground and pol- 
ished to permit examination through these regions 
of origin. One specimen, which was polished with 
diamond abrasive, contained a particle of the chro- 
mium segregate very near the origin of the fatigue 
crack, as shown in figure 16. This indicates that 
the segregate particles, if they occur at the surface, 
may break out, leaving pits that would serve as 
stress raisers, 

On the basis of these observations, a qualitative 
explanation of the behavior of 755-T6 may be pro- 
posed; assume that the specimen is composed of a 
large number of unit volumes that are identical ex- 
cept in the orientation of the direction of greatest 
strength in the volume relative to the applied stress. 
The stress required to start a fatigue crack in a given 
volume then would depend only on this orientation, 
and in a homogeneous material the distribution of 
the fatigue strengths of the individual volumes for a 
given stress direction would have a sharp cutoff, 
something like that shown in figure 17, and there 
would be no volumes whose strength was less than 
some minimum value, So. In a smooth specimen a 












large number of unit volumes are subjected to a high 
stress lf this number ts / then the strength of 
the volume in the specimen would be ex- 
pected to be that represented by a stress value S 
in fig. 17, A) which would cut off 1/M/ 
under the curve. In a notched specimen the num- 
ber of unit volumes to which high stress is applied 
is smaller, 1/,, and the expected fatigue strength 
would cut off 1/\/, of the area (S, in fig. 17.A 
The nominal fatigue strength of the notched speci- 
men 1s equal to S, divided by the theoretical stress- 
concentration factor, A The fatigue strength re- 
duction factor would be riven by kK, S K, So, and 
as S, and S, are close together, it would be expected 
that A, would be nearly as large as K 

In a material having internal stress raisers, one 
would no longer expect a simple distribution of 
strengths. Each volume adjacent to one of these 
stress raisers would have its effective strength de- 


weakest 


of the area 


creased, so these volumes would represent a second 
population, whose strength distribution is shown 
schematically by the lower curve in figure 17.B. The 
resultant total distribution would have a much longer 
tail than that of a homogeneous material. If we de- 
termine S, and S, for this distribution as we did for 
the first case, the difference between them is much 
greater than before, so that the strength-reduction 
factor would be smaller than that of the homogeneous 
material 

This qualitative discussion is, of course, oversim- 
plified, but similar considerations can be used to 
explain the fact that only 75S-T6 filleted specimens 
broke in the straight section, where the stress is only 
71 percent of the maximum in the fillet. The tail 
of the inhomogeneous distribution apparently extends 
far enough down to intercept a stress value 71 
percent of S,, but that of the homogeneous distribu- 
tion does not. 

The suggested explanation of the observed fatigue 
characteristics of 75S5-T6 is obviously not the only 
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possible one.* It appears to be the simplest hypot! 
esis on which to base further experiments, and is 
offered with that in mind. 

The other curve in figure 14 which was not clos: 
unity was that for 61S-T6 in the \¢-in.-radius spe: 
men. No cause for this anomaly was apparent, but 
the effect of grain size has not been considered, a1 
this is reported to have an effect on notch sens 
tivity [14]. 

An interesting characteristic of the data from a 
materials is noted if the A, values for the two fillete 
specimens are compared; the values in the tabl 
below are the ratios of the strength-reduction factors 
for the \e-in.-radius specimens to those for thy 
0.025-in.-radius specimens 


Kr / Kr at the indicate 
number of cycles, N 
Alloy 
ith 10 10 
248-T4 0. 82 0. 77 0.7 
618-T6 75 73 tit 
758-T6 83 79 


Again, no adequate explanation for the decrease 0! 
the ratio with increase in N, can be offered, but th 
trend is surprisingly consistent. 


? Information has been received that the 75S-T6 cold-finished drawn r 
in this investigation was from a lot produced by an ingot practice that dil! 
from that of the other alloys. This special practice was used for only 4 
period at the plant that produced this rod 
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4. Summary [3] H. Neuber, Theory of notch stress principles for exact 
stress calculation (J. W. Edwards Brothers, In¢ Ann 


Arbor, Mich., 1946 











Phe notch sensitivities of three aluminum alloys, * ©. &. Yen andl t. 0 Wels A eit ete of tte 
iS-T'4. 61S-T6, and 75S-T6, for two different tor mahal memaiktethe in tations of aatel. OF Peonsen 
hes were evaluated on the basis of the number Report 13, Project NR-031-005 (Engineering Exper 
cles to initiate a fatigue crack in a rotating- : MONS Hrassol Univ. of Illinois, 1949 
— ; pa »} R. KE. Peterson, Design factors for strength calculations 
m test The values for 61S-T6 in the sharp for stress concertration cases, Scientific Paper 1540 
h and for 248S-T4 were close to unity, indicating p. 27 (Westinghouse Research Laboratories, East 
in these cases the maximum stress was the Pittsburgh, Pa., Oct. 1950 
terion for failure 758-T6 showed low values of 6] J. A. Bennett, A study of the damaging effect of fatis K 
, stressing on SAF X4130 steel, J. Research NBS 37 
tech sensitivity, and it is suggested that this may 133 (1946) RP1733 
lue to inhomogeneity of the alloy, which would 71 Manual on fatigue té ine 8 r Minton 
‘ <pected to lower the fatigue strength of smooth STP No. 91 (1949 : 
mens more than that of notched specimens 8] I a ae slograpl r A tio a Iron Age 
hu dispersion of the data for unnotched specimens ee Sy gy Spee pe 
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i erack to grow to fracture increased with : 4 ~ tegen ea ul NBS as ans Foams 
easing stress and with increasing notch severity RP2157 
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= ’ . approach, Am. II, Ss lestir Materi: STP 137 
he experimental work during the early part of 1953 : 
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aluminum allov, Trans. ASME (July 1953 
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Compressibilities of Crystalline and Glassy Modifications 
of Selenium and Glucose’ 
Charles E. Weir 


Data are reported for the compression of selenium and a-glucose in both glassy and 
crystalline modifications at 21° C between 1,000 and 10.000 atmospheres. The compressi- 
bilities of the glassy form were found to be considerably larger than those of the crystals \ 
transition of unknown origin Was observed to occur in glassy glucose between 7,000 and 8,000 
atmospheres 


1. Introduction to the specimens. In each case the data were cor- 
- rected for the compression of the corresponding 
It has been observed that the expansivity, a, of the | container. 


vlassv form of a given material is nearly equal to that Specimens were prepared as follows 
of the crystalline form [1].2. This agreement in expan- Selenium. —Commercially available selenium was 


sivities appears to be the basis from which recent | placed in a thick-walled glass tube, which was then 
deas concerning the nature of the glass transition | evacuated and sealed off under vacuum. The 


and the changes that occur at the transition temper- | evacuated tube and its contents were heated at 
ature, 7, [1, 2] are derived. As many second-order | 400° C for several hours cooled in air to approxi- 
thermodynamic quantities appear to change discon- | mately 200° C, and water-quenched. For glassy 


tinuously at 7,, this frequently has been denoted a | selenium specimens the tube was broken and_ the 
second-order transition temperature. The expan- | specimen removed. Such specimens exhibited the 
sivity is one of the quantities that changes markedly | typical conchoidal fractures characteristic of glasses 
at 7,, being smaller for the glassy material than for | and were soluble in carbon disulfide [6]. For 
the rubbery or liquid modification that exists at | erystallization to the metallic form, the tube was not 


temperatures above 7, [1, 3]. broken after quenching but reheated to 100° C for 
It is believed that the isothermal compressibility, | 2 weeks [7]. Such specimens on removal from the 

8, in analogy with expansivity, also changes discon- | tube were not extractible with carbon disulfide and 

tinuously at 7, [1], but a recent report [4] indicates | showed no conchoidal fractures 

that most evidence for such a discontinuity in 8 is Glucose Pure a-dextrose was melted carefully in 

inconclusive. As expansivities of crystalline and | a glass tube. When the material was cooled, no 


vlassy forms are about equal, the question arises | crystallization took place, and such specimens were 
whether the same is true of 8. Compressibility data | used for glassy-state measurements. Crystalline 
on glasses [3] show that the compressibility is high | specimens were obtained by seeding the glassy melt 
and varies rapidly but “irresponsibly’’ with tem- and permitting crystallization to take place. Crys- 
perature. Data covering any appreciable pressure | tallization was very slow, requiring several weeks 
range in which values for glassy and crystalline | to go to completion. Cylindrical crystalline speci- 
modifications can be compared, however, do not | mens were obtained by breaking the glass container 
appear to be available. This report describes com- 
pression measurements at 21° C on two materials, 
selenium and glucose, in glassy and crystalline modi- 
iy of he we fee heme oe he wi | pct au tle andi 





3. Results and Discussion 


pressure range (maximum 10,000 etm). A reversible specimens are shown in table 1 and figures 1 and 2 


7 - zach value given in the tables represents the average 
first-order transition of unknown origin was observed F - pm Pinte. 
- of two measurements made on different specimens 

in glassy glucose at about 7,000 atm. 


Agreement between duplicates was in general 
E , i reasonably close in the last significant figure, but on 
2. perimental Meth occasion differences larger than the estimated repro- 
The experimental procedure used has been de- | 
scribed in detail [5] and will not be discussed here. 


ducibility of +0.0004 in AV/V, were obtained. 
Negative values shown at the two lower pressures 
The only departure from previous techniques was | "7° = yp . me cy - ——— nen 
. . n w AD , 4 Ss ) J pep { P ’ <c 
n the use of a steel cylinder that was open at one | SVT. a See See o gpa 
end, to contain the glassy glucose, and containers | obtained by successive approximations — coat 
: ~ aa wad | . . — . 23 [5]: s c ves se values 
made of thin polyethylene film for the other materials. | measured values [5]; small changes in these valu 
oth types of containers were open to the confining 
iquid to permit application of hydrostatic pressure 


will have a negligible effect on the other data. The 
tabular data show that the glassy material is consider- 
ably more compressible than the crystalline form 
This work was sponsored by the Office of Naval Research, Department of | This is also shown by the graphs, in which it is ob- 


Navy aArra 1a ; re ~maashelat vw ~~e » 
igures in brackets indicate the literature references at the end of this paper Serve d that this highe r ¢ ompre ssibility (the slope of 
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the curve) is not confined to the lower pressures 


but extends over the whole pressure range. 

On the basis of present concepts [1, 2, 3], the 
glassy state contains essentially a frozen-in, liquid- 
like structure of such high viscosity that thermal 
readjustments are not possible in experimentally 
realizable time intervals. Therefore, the higher 
compressibility of the glass is to be anticipated. 
The compressibility of liquids is in general consider- 
ably greater than that of crystalline solids [8]. The 
difference is probably to be attributed to both the 
greater “‘free’’ volume of the liquid and a less orderly 
structure, with correspondingly less well-organized 
intermolecular forces. A glassy solid will then con- 
tain at least a greater free volume than the corre- 
sponding crystalline form, and its compressibility, 
therefore, will be the larger. In all probability, 





COMPRESS) 











\e) ! 2 3 4 5 6 7 8 9 


PRESSURE , 10° atm 


Compression of glass and crysta ne @ 


at 21” ( 


similar considerations apply to the intermolecula: 
forces, which Bridgman [8] believes are intimately 
involved in this pressure range. In confirmation of 
this, a sample calculation shows that at 10,000 atn 
the specific volume of the glucose glass is conside: 
ably less than that of the crystalline material at 
atm, vet its compressibility appears to be comparabk 
to that of the crystals at 1 atm. 

In figure 2 a discontinuity is shown between 7,000 
and 8,000 atm. This is a reversible transition 
apparently involving a small discontinuity in volum: 
and an associated latent heat. Several experiments 
were performed to establish the existence and revers 
bility of this transition, and a brief description of th: 
phenomena involved may be of interest. 

In these experiments, measurements are made o1 
decompression [5], with the pressure being reduce: 
in 1,050-atm steps. With attainment of thermal 
equilibrium after decompression, the pressure is 
raised again as closely as possible to the desired 
value. This process is followed to obtain repro- 
ducible motion of packing washers, ete. On decom- 
pression, the contents of the vessel are cooled, and 4 
time interval ensues before thermal equilibrium is 
reattained. During this interval, heat is absorbe: 
by the vessel and its contents and, as a result, th 
pressure rises. This “pressure regain’ depends o1 
factors such as pressure, compressibility of speci- 
mens, rate of decompression, etc., but for closely 
controlled conditions does not vary to a large degree. 
In these experiments a regain of approximately 
15 to 20 atm is the rule. Any process that occurs on 
decompression involving appreciable thermal effects 
will cause an anomalous pressure regain and is 
readily noted because the pressure measurement is 
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te sensitive. In these experiments the pressure 
vain in the interval noted was 2 to 3 times as 
at as those observed at higher and lower pres- 
es, indicating a latent-heat phenomenon in the 
terval. This is shown in figure 2 by the discon- 
‘itv in volume, although no effort made 
her to fix its pressure accurately or to measure 
amount of discontinuity. 
lhe phenomenon described cannot represent a 
stallization of the glassy form for three reasons 
erystals are visible after a compression measure- 
nt; the reversible; and densities of 
imens agreed to better than 1 part in 10,000 
fore and after compression. No explanation for 
processes involved will be offered. It may be 
ted that the product formed at higher pressures 
shown by figure 2 to be considerably less com- 
essible than its low-pressure modification. <A 
tistical study of the experimental data indicates 
at this effect may be real, but a definite conclusion 
not be made with certainty. 
Previous data have been reported for the com- 
ession of these materials Bridgman [9] has 
ported data on selenium (Se) to 50,000 ke/em?, 
hich were apparently made on glassy Se. However, 
dgman [9] reports that in calculations the density 
» used was probably Loo high. Data for glassy Se 
worted here only fair agreement with 
dgman’s data. Tammann and Jellinghaus [10] 
orted data for glassy Se to a maximum pressure 
approximately 2,000 atm. Their measured value 
is approximately 0.039 at this pressure 


was 


process 1s 


are in 


—A\V/Vo 
compared with the 0.029 arrived at here and a 





graphical value of approximately 0.027 obtained from 
Bridgman’s data [9]. Bridgman has also reported 
values for “dextrose” (d-glucose) [11] that are 
somewhat smaller than those obtained here. This 
difference may only be apparent however, as Bridg 
man [11] notes that his values are probably slightly 
too low, and it is also possible that his measurements 
were made on anhydrous material. In the measure- 
ments made here, the volume of the specimen was 
measured after compression, and it alone determined 
\ Densities calculated from this volume were 
lower than accepted values, probably as a result of 
occluded voids This in no way affects the validity 


of the value of V 
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Atypical pH Response of Some Nonsilicate Glasses 


Herman F. Shermer, Gerald F. Rynders, Given W. Cleek, and Donald Hubbard 


It is generally believed that a glass, in order to vield electrodes whose voltage character 
istics serve as a satisfactory indicator of the hydrogen-ion activity of aqueous solutions in 
accord with the dictates of the Nernst equation, must possess at least a minimum hygro- 


scopicity and an adequate chemical durability, uniform over an extended pH range 
series of nonsilicate glasses, Na,O-MgO-P,Os, 


for these three properties 


Phree 


Na.O-GeQ, and BaO-B.O., were investigated 


In accord with the fact that all of the members of these series 


exhibited very poor chemical durability and many of them possessed very low hygroscopicity 


none of them produced electrodes that had a satisfactory pH response 


All of the series 


confirmed the generally accepted fact that hygroscopicity cannot be directly correlated with 


chemical durability of glasses 


chemical durability 


1. Introduction 


lhe question is often asked, “Is the presence of a 

cate framework in order that a glass 
av vield electrodes that possess satisfactory voltage 
sponse to hydrogen-ion activity of aqueous solu- 
ons?’ Certainly, not all silicate glasses possess 
his interesting and useful characteristic. In fact, 
onsiderable evidence indicates that only those 
silicate glasses that have adequate hygroscopicity 
nd uniform chemical durability over an extended 
pH range produce electrodes that approximate the 
dietates of the Nernst equation [1, 2, 3] These 
past experiments indicate in a general way that these 
features of adequate hygroscopicity and satisfactory 
chemical durability may be of more significance than 
particular chemical constituents of the electrode 
ss in determining the suitability for use in pH 


necessary 


measurements. With these features in mind, the 
following limited series of glasses containing no 





SiO, were examined for their pH response: Soda- 
magnesia-phosphate (Na,O-MgO-P,O soda-ger- 
nania (NasO-GeO,); and baria-boric oxide (BaQ- 
; BOs 
2. Experimental Procedures 
4 
lhe experimental procedures followed in_ this 


nvestigation for chemical durability (surface altera- 
{ tion by an interferometer method [2, 4]), hygro- 


scopicity (water sorbed, mg/em® [3, 4]), and pH 
f sponse (mv/pH |4]) were generally similar to those 
i ported in earlier publications on silicate glasses 
i Such special alteration of procedures as were dictated 


the nonsilicate glasses are mentioned in the text 
those experiments in which changes were required 
\s it was impossible to fuse phosphate mixtures in 
itinum without destruction of the crucible, the 
\a,.0-MgO-P,O, glasses were prepared in a special 
conia (ZrO,)-lined fire-clay crucible adopted for the 


\ 


: 
: 


rpose by Douglas H. Blackburn and Louis G 
Cossette. The zirconia liner minimized objection- 





e contamination of the melts, which in turn greatly 








n brackets indicate the literature references at the end of this paper 
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For example, some members of the BaO-B.O, series possessed 
hygroscopic properties that compared favorably with Pyrex 


7740, vet had unusually poor 


improved the spectral transmittance of the resulting 
glasses to ultraviolet light 

The Na,O-GeQ, glasses were melted and fined in a 
platinum crucible. No glasses were obtainable for 
60 pereent and 70 percent of GeO,. Furthermore, 
the glasses near 85 percent and 90 percent of GeO 
exhibited a strong tendency to devitrify, even on 
rapid chilling of the melts, whereas those above and 
below this region showed less tendency to do so 

The BaO-B,O, series of glasses was also prepared 
in platinum. The compositions produced included 
the entire glass-making range for this binary system 


3. Results and Discussion 


3.1. Na,O-MgO-P,O; Glasses—Chemical Durability, 
Hygroscopicity, and pH Response 


Table 1 and figures 1, 2, 3, and 4 illustrate the 
chemical durability, hygroscopicity, and pH response 
of a series of Na,O-MgQO-P,O, glasses compared with 
Corning 015 electrode glass, Pyrex 7740 (a glass of 
low hygroscopicity), and a P.O, glass.2 The chemi- 
cal durabilities ot these phosphate glasses (fig. | 
are markedly different in magnitude and im kind 
from the various series of silicate glasses previously 
studied. Each of the present glasses was attacked 
vigorously at all pH values, and none of them 
exhibited swelling in acid buffers, as was so charac- 
teristic of many of the silicate glasses [2, 4]. This 
indicates there was no preferential leaching at any 
pH of certain constituents of the glass, hence no 
leaving behind of a chemically durable, negatively 
charged framework [5], which in turn suggests that 
no satisfactory electrical equilibrium, either real, 
pseudo, or transient, could be set up suitably for 
indicating hydrogen-ion activity aqueous 
tions. Further, the hygroscopicity of these glasses 


(water sorbed in 1 hour), table 1 and figures 2 and 3, 


ot solu- 





2The POs d from ammonium dihydroge phosphate 
rucible with a ZrO: liner Che entire batel 
temperature and then heated to 
his procedure was necessary, becvuse 
dded to a hot crucible, the chilling effect resulting from the 
guises invariably cracked the crucibk he resulting glass 
showed such features as flexibility upon the steady application of be 
but shattered readily under a sharp blow It apparently can he 
indefinitely with adequate desiccation 


glass was prepared 
NH, HPO, in the special fire-clay « 
was placed in the crucible at room 
ipproximately 2 hours 


1 Ci 
if the batch wa 
rapid evolution of 
mperature 


af room 







1g forces 








Chemical durability, hygroscopicity, and pH response of some Na,0-MgO-P,0; glasses 


TaBLe 1 


Comm for exposures « rat 80° C and pH Water sorbed in pHr 


\ tio 
batch ratic 


NaHsPOwMs | Me 


Fringes Fringes 
24 attack 40 attack 1 G00 attack 
7 attack 21 attack 7 $65 attack 
J attack 1? attack 100 attack 
hattack 7 attack l OO attack 
$ attack t 85 attack 
sttack 12 attack ] 270 attack 
1) attack 4 7 540 attack 


was considerably less than for most pH responsive | ment for satisfactory electrical response to hydroge: 
silicate glasses [4, 6]. Thus the second require- | ion activity is also lacking in these glasses. |; 
accordance with the poor durability and low hygro 
} The lower limit of hygroscopicity for a sat ' p . . 
ot yet been established. For the NayO-CaO-SiOs and NayO-PbO-SiO: glasses | SCopicity of the available members of this series, no 


1 “sorption” value of about 30 mg/en wetmed to be indicated for 1 hour exposure tectro <2 ra . > —_ : an > P 

to @&-percent relative humidity, wherea the LipO-SiO» glasses showed a somewhat elec tre des wert obtained posst SSIDg satisfac tory t 
lower limit. See, — Hubbard, Given W. Cleek, and — I rine rs response table l and fig. 4). 

Electrode function (pH response hygroscopicity, and chemical durability of ae 

NasO-CaO-SiOs glasses, J. Research N BS 44, 247 (1950) R P2076; Donald Hubbard, The chemical durabilities of these phosphat 
Mason H. Black, and Gerald F. Rynders, Electrode function (pH response), classes are so poor that they obv iouslv cannot be 
hygroscopicity, and chemical durability of soda-lead oxide-silica glasses, J = . a 


Research N BS 45, 430 (1950) RP2154; Donald Hubbard and Given W. Cleek used as containers for aqueous solutions. Howeve: 
their hygroscopicity is such that they might tenta 


H responsive glass has 


Deuterium and hydrogen electrode characteristics of hia-silica glasses 


Research N BS 49, 267 (1952) R P2363." 
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Fieuré 2. Comparison of the hygroscopicity of a seri: 
: : :, , — Na,O-MgO-P,O; glasses with Pyrex 7740 and Corning 0! 
Fieure |! Chemical durability of Na,QO-MgO-P,Os; glasses. 2 ia 25 9 y 6i4 orning 

Exposure to approximately 98-percent relative humidity. Experit 
lesignations refer to composition ratios of table 1. values for water sorbed by PoOs glasses are given in table 1. 
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be expected to maintain clear surfaces upon 
wosure to alr. 

Figure 3 shows the results of plotting the hygro- 
ty against the batch composition ratios. In 
ence of phase-equilibria data, and because of 

incertain composition and limited range, it is 
estionable if one is justified in plotting the broken 

s other than to point out that the same features 

em to be reflected in the chemical-durability curves 
d to a less and uncertain extent in the pH-response 
data (fig. 4). The pH response data was particular- 

incertain because of pronounced devitrification 
while attempting to blow electrode bulbs. The | _ Mpppennap ety + tow 
procedure finally adopted was to merely seal the end 
of thin-walled tubes and fill them with mercury [7]. 
Even this simplified technique was inadequate for 

ses 4:6 and 5:5. 9 
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WATER SORBED, mg/cm?® 








2 3 4 5 
8 ? . 5 
NoH, PO;H, 0 
BATCH COMPOSITION -——————— 
Na,O-GeO, Glasses—Chemical Durability-Hy- MgH,(PO,), 
groscopicity, and pH Response — ee 
pared from some Na,O- Mat )- P.O; glasses with the chemical 
ure 5 shows the chemical durability-pH curve durability and hygroscopicily of the glasses. 
the range pH 2 to pH 11.8 for a soda-germania 
containing 5 percent of Na,O and 95 percent of 
This glass is more vigorously attacked in the | surface alteration of this soda-germania glass exposed 
range below pH 4 and in the alkaline range | for 1 minute at 25° C is much larger than the attack 
ove pH 8 than at intermediate pH values; never- | or swelling exhibited by an acceptable silicate glass 
ess, it is attacked vigorously by all the buffer | after 6 hours of exposure at 80°C. As the available 
itions. No comparison is readily possible with | samples of most of the germania glasses were of 
customary pH-responsive silicate glasses, as the | inadequate size for use as specimens for chemical 
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durability by the interferometer procedure, in 
addition to the fact that some of the members, such 
as the 85 percent GeO,, devitrilied so rapidly that 
clear specimens for interferometer flats could not be 
made even upon rapid chilling, another procedure for 
intercomparison of the chemical durability of the 
members of this series was tried. The total solids 
dissolved (milligrams per gram of glass) in 50 ml ol 
distilled water in 1 hour with intermittent agitation 
at 25° C was determined on powders that passed a 
150-mesh sieve. This procedure for determining the 
relative chemical durabilities ot these Na,O-GeO, 
glasses proved to be generally unsatisfactory, but at 
the same time gave interesting results (table 2 and 
fig. 6). The series revealed a minimum weight of 
total solids extracted near 85 percent GeO, Fur- 
ther, the samples for 85 percent and 100 percent of 
GeO, gave persistent colloidal suspensions that 
passed through the filters. This suspended material 
was recorded among the total The other 
members of the series filtered clear. Pyrex 7740 and 
Corning 015 were similarly treated for comparison. 
The Pyrex powder gave a slightly opalescent filtrate 
Obviously, the chemical durabilities of these Na,O- 
GeO, glasses compare very unfavoravly with pH- 
responsive glasses 

The hydroscopicity curves for 1 and 2 hours of 
exposure to 98 percent relative humidity and the 
water retained upon heating to 110° C after the 2 
hours of exposure are given in figure 6. Each of 
these curves passes through a minimum near 90 
percent of GeQ,. 

As it was impossible to blow electrode bulbs of the 
usual Cremer-Haber type, an effort was made to 
produce glass electrodes by coating platinum wire 
with a thin unbroken layer of glass by dipping the 
wire in the molten glass, or by means of the burner 
to run a bead of the glass along the wire, leaving a 
thin glass coating [7]. If a successful continuous 
film of glass was established, electrodes of high 
resistance, as indicated by the megohm bridge, were 
obtained. This very high initial resistance fell 
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Fiaure 6. Comparison of the pH response of electrodes 
pared from some Na,O-GeQO, glasses with the chem 
durability and hygroscopicity of the glasses. 


rapidly toward the lower limit of the instrument as 
the glass took on water and was dissolved in tly 


buffers. The voltage responses obtained were tran- 
sient and must be classified as superficial or even 
spurious. Certainly the pH-response characteristics 
of these electrodes were no better than the values 
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rded. Although the hygroscopicity values for 
sé soda-germania classes were adequate for pH- 
vonsive electrodes, the chemical-durability chat 
istics were hopelessly unsatisfactory Under 
circumstances, no physicochemical equilibria is 
~ ble and he nee no satistactory pH response can 
rpec ted 
(he same difficulties in blowing electrodes wert 
ntered with a soda-lime-germania glass pr 
by John K. Tavlor* for comparison with 
ning OLS electrode class of the soda-lime-sili« vn 
Although nis class exhibited ne ceptable 
oOscopL characteristics, no successful electrodes 
obtained 
{n overall picture of the interrelation of hydro- 
v, chemical durability, and pH response with 
omposition is given in figure 6. Also included 
his figure are the approximate compositions at 
nh new phases appear in the equilibrium diagrams 
) 8}. Although the data are too meager [ot 
conclusions, they do suggest some corre 
nee between the chemical and physical prop- 
s of the glasses and the critical points of the 
se equilibrium diagram for this system of oxides 
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3.3. BaO-B.O; Glasses 


a. Chemical! Durability 


vives the data obtained on a series of 


glasses for chemical durability, hvgro- 


Table 4 
BaOQ-B,O 
scopicily, and pH response 
extends over the composition range 29.6 percent of 
BaO, where two immiscible layers appear [9], to near 
60 percent of BaO, above which devitrification 
limits the glass-making range. Figure 7 illustrates 
the extremes of chemical durability over the range 
pH 2 to pH 11.8 exhibited by these The 
chemical durability of this BaO-B,O was so 
poor that the exposure time was reduced to 5 minutes 
and less at 25° C instead of the conventional 6 hours 
of exposure at 80° C previously adopted for silicate 
glasses. These abbreviated were 
sary in order to keep the surface alterations within 
the limitations of the interferometer method. The 
nature of the attack-pH curves for these glasses was 
markedly different from the numerous silicate glasses 
previously studied [2, 4], with all the members of the 
series being more vigorously attacked in the acid 
buffers than at the higher pH values. The glass of 
60 percent of BaO exhibited swelling at pH 6 and 
pH 8.2, resulting in a conspicuous nonreflecting film 
on the surface of the specimens involved. This fea- 
ture was so unexpected that the experiments were 
repeated, with the same results. A more easily 
understood picture of the chemical-durability char- 
acteristics of this series of glasses is given in figure 8, 
in which the chemical durability in the buffers at 
various pH values is plotted against the chemical 
For pH 2 and 

declines with 
then 


This series of glasses 


glasses. 


series 


exposures neces- 


composition (percentage of BaO 
pH 4.1 the surface alteration (attack 
BaO and 


increasing percentages of increases 


again with further increase above 51.4 percent of 
BaO. The curve at pH 6 shows the same features 
over the composition range, except for the glass 


containing 60 percent of BaO. For this glass the 
surface alteration is one of swelling, plotted as nega- 
tive attack in the figures, giving the curve a unique 
hook at the end. The curve for pH 8.2 exhibits this 
same feature, although not so conspicuously. 

The question always arises as to what is the sig- 
nificance of the changes in chemical and physical 


with 


composition. In 
data for chemical durability and hygroscopicit 


properties presenting 


the BaO-B.O, series of glasses, lines are d) 
fig. 8) at the eutectic and compound composit 
indicated by the phase-equilibrium diagram for 
binary system [9]. There is little to decide as 
whether the eutectic or compound composit 
herald the change in direction that appears in 
plotted data. The maximum and minimum « 
position ranges that might enter the argument 
represented by vertical solid and dashed lines 
respectively. Obviously, all that these data i: 
cate is that the chemical and physical properties o 
glasses are influenced by the materials from whic 
the glasses are made, and that the phase-equilibriu 
diagram is probably the best indicator available a 
present as to what compounds are melted, dissolved 
or dissociated in the glassy state. The depart ir 
from randomness upon cooling the glasses fron 
above the liquidus to room temperature, including 
the annealing schedule, probably contributes ¢ 
emphasize the position and sharpness of the breaks 
as surely as does the sensitiveness or reliability of 
the physical and chemical indicators used. Ce: 
tainly the rates of departure from randomness ar 
very different for glasses of different composition in 
the same series [10]. 


b. Hygroscopicity 


The hygroscopicity data for 1 and 2 hours of ex 
posure to the high humidity maintained by a satu 
rated solution of CaSO,2H,O at room temperatur 
are given in table 4 and show these glasses to by 
very nonhygroscopic (approximately equivalent t 
Pyrex 7740 [11]) at 46.9 percent BaO and greater 
Below this percentage of BaO the hygroscopicit) 
rises with increase in the percentage of B,O,. Thess 


glasses furnish an interesting example illustrating 


the distinction between a chemical-durability test 
(ability to withstand attacks by liquids) and one for 
serviceability of optical glass (the ability to maintain 
a polished surface upon exposure to air These 


glasses obviously would be worthless as containers 


for most aqueous solutions over the range pH 2 t 
pH 12, but acceptable for optical elements, at least 
in their first line of defense against atmospheri 
moisture 


Paste 4. Chemical durability, hygroscopicity, and pH response of a series of BaO-B,Os; glasses [14 
( nposit S ‘ ' it ‘ i {5 min att2 C and pH Water sorbed ir 
pH response 
Bais Bet) ‘ t a2 10.2 11.8 1 hr 2 her 
Pert Percent Fring } } ¢ Fringes Fringes Fringes ngicm mg/cm me/pH 
20. ¢ “70.4 $2 i 1% ly 4 43 109 8 Very short-lived 
34, m4 22 2 1% e+ \4 31 65 No electrode High resistance 
1.9 a 1 » 1% by 9 ) 25 49 M4, 57)? Very short-lived 
44.9 1 7 I+ ly 4+ 17.3 27 No pH response High resistance 
51.4 i 6 I I4-+ ly Db 16.7 2 do Do 
5. 6 “4 19 6 2% ly hie I 16.9 2 do Do 
“1 43.9 1v tie 24 hy D Mie 17 24 do Do 
0.0 0.0 22 ’ well o Swell > Db Lio+ 16.5 22.6 do Deo 
Corning 015 See table 1; 6 hr of exposure at 80° C 14 16s WY 
Pyrex 7740 See table 1; 6 hr of exposure at 80° C, 17 a4 12 


* Analyses made by Nancy J. Tucker and Jean Rahauser Rogers 


» Specimens showed nonreflecting films [13]. 


256 





c 


FRINGE 


)N, 


ALTERAT 


RFACE 


Attock 


ng 











te 
o 


ph Response 


$ 
pH RESPONSE, mv /pH 


Bo0-48,05 Ba0-2B8,0, 


100 -—— % B00-48,0, 0 
° % 800-28,0, —=100 


ve . eg 
°o o °o 


WATER SORBED, mg/cm? 


n 
° 


= 





40 45 50 
%8a0 


8. Comparison of the pH 
from some BaQO-B,O, glasses 


hygroscopicity of the glasses 


response of elect 


vith the chemical dural 


neernir 


c. pH Response 


For this BaO-B.O series only those 
taining less than 47 percent of BaO exhibited hygro- 
SCOPICLTY 


vlasses Con. 


values sufficiently high to be classified as 
possible pH-responsive glasses. Of these, the glass 
3aQ showed evidence of inhomo- 
reneity, probably separation ito immiscible 
phases [9 An electrode prepared from this glass 
was very short-lived and gave very indifferent pH- 
values containing 46.9 percent 
of BaO and greater had hygroscopicity values that 
correspond favorably with Pyrex 7740, and in accord- 
ance with their low hygroscopicity, 
pared from them showed no evidence of voltage 
response to hydrogen-ion activity of the buffer solu- 
tions The glass of 41.9 percent of BaO gave one 
electrode that started off with no pH response, then 
gave two quick values of 54 and 57 mv/pH between 
pH 4.1 and pH 8.2. This performance was followed 
in a relatively few seconds by failure of the bulb 
Whether those two readings should be classified as 
transient or spurious is uncertain. In light of past 
experience of the effect of poor chemical durability 
on pH response of glass electrodes, it seems reason- 
able to classify these readings as both transient and 
spurious. Certainly this electrode performance could 
not be repeated, even after many attempts involving 
the consumption of several vards of tubing. The 
overall picture of relation of pH response (drawn as 
a dashed line), chemical durability 
icity as a function of the composition is given in 
figure 8. 


of 29.6 percent ol 
two 


Glasses 


response 


electrodes pre- 


and hiv YTroscoDp- 


4. Conclusions 


None of the Na.O-MgQ-P.O the Na.O-GeQ,, 
and BaO-B.O, glasses examined had sufficiently good 


chemical durability to produce electrodes that even 
approximated the theoretical voltage 


response dic- 
tated by the Nernst In addition 
of the classes had very low hygroscopic properties, 


equation many 


thus ruling them out as possible sources of electrodes 
Henee, for all 


practical purposes the electrical response of all these 


acting as hydrogen-ion indicators 
glasses to hydrogen-ion activity of aqueous solutions 
must be classified as superticial or negligible 
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A Numerical Solution of Schrodinger’s Equation 
in the Continuum ' 


W. Futterman, E. Osborne, and David S. Saxon 


. rodit 


Continuum sol 
\ 


itions of Sct 


ral ikawa potent 


art 


are tat ate a~ 


l. Introduction 


solution of the Schrédinger equation for two 


if that interact to the 


according Yukawa 


Numerical solutions of 
problem are of some interest from purely 
ul well physical viewpoint, the 
ture of recent years shows increased activity in 
ise of a variational principle ** to obtain certain 
meters of physical consequence As vet, how- 
with respect at least to solutions in the con 
im there exist no intrinsic criteria fo 
of such approximate results from the correct 
s. An exact solution of the problem, of course, 
n exact calculation of these parameters, 
is providing a comparison by which the validity 
nd usefulness of the variational principle can be 
Further, although the Yukawa interaction 
dealized one, it nonetheless forms a reason- 


known in closed form 
2 


since 


the devia- 


ermits an 


red 
itl 
able basis for the description of physical phenomena 
photoelectric disintegration of the deu- 


such as the 
I the so-called deuteron-stripping process.’ 


2. Schrodinger Equation 


the Yukawa interaction (1) the Schrédinger 
on expressed in the relative coordinates of the 


»D irticles. is 


Vir 0; 


t 
\ 
FE is the energ\ of the system, and m is the 
ed mass. In virtue of the spherical symmetry 
the solution of can be decomposed into 


pherical harmonics; that is, ¥(r) can be written in 
I orm 
vir S* a: mVir)} (6.0 3) 
—_ 
ira paper wa 1M ed nl } the Off Nava 
USN 
il Bureau of Standard os Angeles, Calif 
nand Schwinger, Phy Rev. 78, 469 (1950 
xd Jackson, Phys. Rev. 76, 18 (1949 
ticular, reference is made to a calculation of differential 
ational methods, which is in preparation 
T, Phys. Rev. 78, 733 (1950); Serber, Phys. Rev. 72, 1008 (1947 Ap 
ir results to these problems are in preparatior 


juat for > particle at ract ac rds 
b erical it l resulting Way 
ft \ I ke t 1 asvimpt behavior 
where the a are arbitrary constants, and the ) 
are the usual normalized spherical harmonics. The 
radial functions WV then satisfy the equation 
| d dv «2n . li l 
(; )4 E-—Vir (yw —0 
/ di di ( } / \ 
} 
Introducing the function 
’ ry : 
and using | it is convenient to rewrite } im the 
dimensionless form 
d u 5 ws ( Nf l 
A 8 Sw =0 6 
da i j \ 
where 
K?=2mr,7k 1 7 
3 mn ('] S 
j y 
and where the parameters / and ¢ or 8) will be 


chosen to fit the low energy triplet neutron-proton 
data. 

As a consequence of satisfies the boundary 
condition u,(0)=0, and thus we seek the solution of 
6) regular at 0. It is easily established that in 
the neighborhood of the origin, this solution behaves 


5). u 


j 


J 


as 
0 10 
It should be noted that the complete solution of the 
Schrédinger equation of a sum all 
spherical harmonics. However, for sufficiently large 
/ the effect of the interaction term can be shown to be 
very small, and the solutions may be obtained by 
perturbation methods, such as the Born approxi 
mation. Consequently, the numerical integration 
of (6) need be carried out only for the first few / 
values 

One should also remark that for sufficiently large 
values of z, no matter what value / has, the inte 
action term becomes negligible, and hence the asy Mp- 
totic form of u; must be 


consists over 


ur)~2rB,cossé, |) Ku tand,y,( Ku 11) 
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where j,(z) is the regular and y the irregular 
spherical Bessel function,’ of order /, and where the 
factor cos 6; is introduced for reasons of convenience. 
Thus the numerical integration need extend only to 
values of x that (11) is valid, as discussed in 
section 3 

The physical significance of the phase shifts 6, 
defined by (11) may be seen from the fact that in the 
absence of interaction, (11) holds exactly every 
where. In this special case, the requirement of 
regularity at the origin is satisfied only if each 6; is 
zero. Thus the phase shifts measure the influence 
of the interaction on the asymptotic form of the 
field and so directly determine the scattering.* 


such 


3. Procedure 


Integration of (6) is based upon the Gauss- 


Jackson or * difference method for reasons of 


accuracy and convenience.’ Let us rewrite (6) In 
the form 
lu 
; gir u (12) 
add 
where 
é i+] 
( K*+-8 (13) 
gi(z)=—( — ornare] 
In central difference notation 
l l l 
; 5-*F4 I 5° F, .p (14) 
pli [ M+T9 240 ° 
where we tabulate 
F. tSh? g(a u (15) 


and where / is the interval, S is an arbitrary rounding- 
off factor, and u“® =1u,(0) 

Because (12) has a regular singular point at r=0 
care must be taken to determine the F) for the various 
/ values. However, they are readily obtained from 

10), which gives 


/—0 Jo (O)u® constant 
/=] a (O)u; constant 16) 
l>2 a; (O)u;” 0. 


where the constants determine the otherwise arbi- 
trary normalization 

The series (14) is approximated to the order of the 
second difference term, using the third difference as 
a predictor. Asa consequence, F; and F, are needed 
as starting values in addition to Fy. These are 
obtained from (10), which is a suitable first approxima- 


Vibrations and sound, p. 316-317 
Bessel function’’ (Columbia 


’ These functions are defined in P. M. Morse, 
and they are tabulated in Tables of spherical 
University Press, 1047 

* Mott and Massey, The theory of atomic collisons (Oxford, 1949 

’ Samuel Herrick, Mathematical tables and other aids to computation 5, 61-67 
1951 (See also, page 131 of reference given in footnote 8 Recently, P. O 
Lowdin and A. 8. Jélander, Arkiv fiir Fysik, Band 3, No. 11, (1951), claim an 
improvement over Z* procedure on the basis that no initial Taylor expansion is 
needed. However, in our case no special difficulties were encountered in this 
respect 


tion, as indicated by the rapid convergence o| te 
aconstant value. Three iterations were made at og¢} 
point to assure the constancy of the tabulated 7 

Keeping the interval small, A=.05, in this revi 
of rapidly changing ordinate, we march out to 
where the interval is shifted to h=.1. The int 
tion is then carried out to a large value of 2 
Rather than joining this solution to (11), whi 
obtained by neglecting the interaction term ent ely 
a more refined procedure was used in which the inte 
action Was treated as a small perturbation. B 
modified WKB technique," the asymptotic solutio; 
can be obtained in the form 


u,(r)= A; cos 6 : pies tan 6,y,(2(4 


where the prime denotes differentiation with respect 
to x, and where z is given by the semiconvergen 


series 


. l é 
>(r) Ar+7 4k? re] [ l 


1 /14+-3/4ke — 
+ (iam)—}+0(G) a 
r\1+1/4K° i 
as x approaches infinity, 
properly approaches Kr. A few terms of this alter- 
nating series were always sufficient to give 2 wit! 
satisfactory accuracy. The logarithmic derivativ: 
of (17) was equated to the numerically obtaine: 
logarithmic derivative of the numerical solution at 
its end point, thus determining the phase shift. Th: 
amplitude factor was then found by equating (17) t 
the numerical solutions 


It is observed that 


In carrying out the actual computation, the origi- 


nal data was programmed to six significant figures o1 
the IBM card-programmed calculator, so that at 
least four figures could be assured for the phase shifts 
With a few exceptions, integrations were carried out 
to r=5 at all energies. An internal check on the 
error Was maintained through the third differences 
which were kept uniform and small. 

To check the machine error a comparison of two 
integrations for A?=1, B=0 was made with th 
known solutions j,;(Kr). For the cases /=2 wit! 
the end point r=4, and /=3 with z=5 there was 
at most, a 0.0002 percent error in the numerica 
solution 


4. Numerical Results 


As mentioned earlier, the constants in the Yukawa 
interaction were chosen to fit the low-energy triplet 


neutron-proton interaction. Using the tables of 
Blatt and Jackson,'' we choose 
B= 2.36500, ro = 1.35000 X 10-" em. 19 


The details are given in the appendix 


See footnote 4 
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[he parameter A? is easily expressed in 
neident neutron energy, 


K 


terms ol 


2? 19700 lO 


putations were carried out for the values of the 


Nev 20 


ey, with the corresponding values of K®? listed in 


\l *) ‘i OD 120 bso 


0. 439588 1. 09897 1. 97815 2. 63753 3. 20601 


17 The radial wave functions u 


zr corresponding to 

ese parameters are tabulated in table for 

- 0(1)5 and for r=0(0.1)5 (in a few cases for 
0(0.1)4.0 or 4.2 For values of x that lie bevond 


tabulated values, wu, is given by (17) where the 
are listed in table 3 For convenience 
physical applications, these functions have been 


malized according to the rule 


rameters 6 











Pc int 
18 u*®(xr)uh r)da - -0(K K 
Jo 2h 
vhere uX (x) is the solution when the energy cor 
tel esponds to K and where 6(K—AK’) is the Dirac 
=a) function. With this normalization the factors A 
Live vhich appear in (17), are then simply unity. 
ne Finally, for values of / that lie beyond the tabu- 
l at ted values, the wave functions can be obtained by 
The perturbation methods, such as the Born approxima- 
ti yn, since, as already mentioned, the effects of the 
interaction are then very small 
0 5. Appendix 
its We seek asymptotic solutions of eq (6) valid when z is so 
ou that the term Be ‘can be treated as a small pertuba- 
t} For this purpose we consider the general spherical 
a I function c,(z), which is defined as the general solution 
Ces juation 
Lwi Pe 2 dk ll l 
‘ a. C;(2 0 A-1 
the dz z dz [ 2 | 
vill 
vas h is thus expressible in the form 
ici 
‘ a Sy (2 A-2 
is increases, u,(r) is ultimatelv given by 
~Kere,( Ka 
awa 
plet ated in eq (11 Hence, we try to find an asymptotic 
of of (6) of the forn 
1 cz A-3 
19 wae 
el phv al ar ations, s expressed in terms of the 
the laboratory system of coordinates in which the proton is initially at 
the energy that appea at in the coordinate system in whict 
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= 6) and use of (A-1 he vields 
f il+-1 
2A iz2°’] izz [1 ] z 
34 l 
iz} A?-4 + 2A i] : el Z 0 
\-4 
where the prime denote differentiation with respect to 
The unknown functions A(r) and are now determined 
bv setting the coefficients of c;(z) and de,/dz separately equal 
to zero The latter gives at once 
1 ( sta \-5 
vhence, el i g A, the former give 
il+1 l+-1 
Z l +h l 
[ 2 Kez 
3 l l 
2 0 A 6 
_+y2' 54() 
Ve 
which is an exact equation for Note that for 8 0 
z= Ke is properly a solution of this equation Adopting 6 
as a convenient parameter of smallness since it occurs 
multiplied by the small factor « r), we now find approximate 
solutions by expanding z(xr) in a power series in 8 as follows 
A re" \-7 
whence, bv substitution into \-6) we obtain upon setting 
the coefficients of like powers of 8 equal to zero 


t ; H(] 
1A Ker 
and similarly 


\-S 


for Mm, et Since z is presumed large, we solve 


approximately by writing 


2A 02 
which finally vields 
l 
a 
1+1/4A 
l 4A 
‘ a 
' 1+1/4K 
a . li6 $1(1+-1)]a (4K s)a 
1+4K? |° | 
Assembling these results, we then obtain eq l4 and IS 
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Electrical Measurements in the Selection of Bolt Materials 
for Service Underground 


W. J. Schwerdtfeger 


Electrical measurements made in the labo 
relative behavior of bolt materials undergroun 
Some arbitrarily chosen low-alloy ferrous 
or steel commonly used for the 
ntials of cast iron and galvanized iron as « 


soil 
cast iror 
pote 


1. Introduction 


Although failures of plain ferrous bolts under- 
ound are confined chiefly to severely corrosive 
nvironments, the attributed to shutdowns 
nd repairs are high. Figure 1 shows bolts removed 
om couples exposed to 14 underground environ- 
ents, including cinders (site 67), and illustrates the 
(fect of 13 vears of exposure at the National Bureau 
Standards test The 1 range from 
moderate to severe corrosivity, except for sites 
nd 55, which are slightly corrosive. 

In bolt failures may occur 
before severe corrosive effects take place on the 
structures to which the bolts are coupled Primarily 
responsible for such failures, aside from normally 
cecelerated corrosion due to stress and edge effects, 
probably the effects due galvanic action 
between the bolts and the structures. 

The solution to the problem then seemingly lies in 
of bolts fabricated from materials that are 
ithodie to the structure. Although ferrous bolts 
niaining certain alloving constituents to make 
em cathodie to iron are available, their use might 
discouraged because of greatly increased 
\lso, because of the potential difference between the 
coupled elements, it would appear that 
localized attack might be expected to occur on the 
uljacent anodie structure. However, based on 
xperimental work of other investigators, such fears 
not always justified [1, 2, 3].'. The corrosion 
rates of materials, or their resistance to corrosion, 
an be measured by their polarizing characteristics, 
and it has been shown, for iron exposed to soil, that 
in increase in cathodic polarization is synonymous 

th a reduced rate of corrosion [4]. Direct current 
flowing to stainless-steel or nickel-copper alloy (70 

causes marked polarization because these ma- 
ials are relatively free of potent local action 
hus, the coupling of relatively small areas of such 
aterials to plain cast-iron or steel structures need 
result in excessive galvanic corrosion to the 
structure. Also, whatever the galvanic current, the 
veight loss on the adjacent anodic structure will not 
increased by an amount equivalent to the magni- 
tude of the current because the galvanic current will 
reduce local action on the affected anodic area [4, 5] 
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ture references a pape 


fabrication of bolts 


ratory are useful in generally predicting the 
1 as pertaining to the corrosive effect of the 
be superior to plain 
The effect of exposure on the 


materials are shown to 


‘components of galvanic couples is described 


In order to determine what electrical 
ments might be of value in predicting the probable 
behavior of bolts for use underground, potential 
measurements were made on the components of 
galvanic couples, followed by exposure of the couples 
to a very corrosive soil for 1 vear in the laboratory 
Potentials and currents were measured during the 
exposure period and weight losses obtained at the 
conclusion. Donoho and MacKenzie {6] found that 
the addition of 1 percent of copper cast-iron 
bolts resulted in a marked reduction of corrosion on 
the bolts when coupled with plain cast iron. The 
work of these investigators also suggested the use of 
a small amount of nickel as a constituent of ferrous 
bolts, the nickel being more soluble in iron than 
copper. As an extensive use of low-alloy bolts 
would not result in prohibitive installation costs to 
industry, such bolts were arbitrarily chosen for the 
main laboratory study, along with high-alloy cast- 
iron and nickel-copper alloy (70-30) bolts known to 
be cathodic to plain cast iron but which are relatively 
high in cost 


measure- 


to 


2. Laboratory Procedure 
2.1. Preliminary Potential Measurements 


Selecting bolts that are to be cathodic to a par- 
ticular structure implies the necessity for a repro- 
ducible method of measuring potentials. It has been 
shown that potentials can be measured, with a 
reasonable degree of accuracy, by placing metallic 
specimens in puddled soil contained in a relatively 
airtight enclosure [7]. Under normal conditions of 
aeration underground, the open-circuit electromo- 
tive force between a bolt and the adjacent structure 
is not necessarily the same as the potential difference 
that exists in a relatively air-free environment 
However, a reproducible method of measuring po- 
tentials would be useful in determining the effect of 
varying amounts of alloying constituents. As will 
be shown later, an inherent initial potential differ- 
ence of only 10 mv between the components of a 
couple has the effect of making the cathodic element 
considerably more cathodic with time. 

The laboratory investigation to be described was 
made with a very corrosive soil from Atlantic City, 
N.J., which has a pH of 4.4 and a resistivity of 140 
ohm-cem 
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Potential measurements on the bolts were made 
prior to exposure of the couples to the soil. The 
bolts were first cleaned with tetrachloride 
and then wire brushed. The electrical connection 
for the potential measurement was made through a 
single conductor No. 8 rubber-covered copper wire 
screwed into the bead of each bolt, with molten 
asphalt being applied around the point of contact. 
Dry soil was broken up, ground, and passed through 
a No. 20 sieve. A sufficient quantity for a complete 
series of potential measurements was thoroughly 
mixed, watered, and mechanically worked over, 
with water being added gradually until the soil was 
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saturated. Two bolts of the same size and composi- 
tion were each covered with the saturated soil and 
then horizontally and laterally placed in a crystal 
lizing dish (190 mm diam by 70 mm high), with the 
wires from the bolts protruding vertically over thy 
top of the dish. More puddled soil was placed into 
the dish and so distributed as to fill all space to 
depth within about ' in. from the top.  Paraffi: 
barely molten, was then poured into the dish ove 
the soil in sufficient quantity so as to flow aroun 
the wires and a No. | rubber stopper resting on to] 
of the soil. An approximately ‘-in. thickness o! 
paraffin was found to form a fairly good air sea 
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soon as the paraffin congealed the rubber stopper 


twisted so us to break the seal ol adhering Wii 
left to rest lightly in position as | he hole formed 


the rubber stoppel about midway between the 


ane about 1 in from the side of the dish 


ed to relieve any pressure developed insicle the 


and also as a point of access to the soil for the 
ence electrode 


hie potential measurements are given in table 1] 


value being the average for the two bolts 


ept tor high allov cast iron and the nik kel coppel 


the averave values might be considered ns thy 
state pote ntials because of the slight devia 
from the final values The potentials of the 


i-allov cast-iron and ni kel-copper alloy bolts 


7) 


nued to get more anodic, presumably even after 


invs The average variation of potential between 
lar bolts, except for high-alloy cast iron, was less 


2 my The potentials of the latter bolts 


fered on the average by 13 my Although the 


itials of the high-allov cast-iron and_ nickel- 


pper alloy bolts were still changing at the con- 
ision of the tests, there was no reason to doubt 


the stable potentials would be cathodic to plain 


bon steel and cast iron Potentials of the cast 
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gland material, the other element of the couple 
found to be about the same as the values shown 
lain carbon steel 
rlier investigators have found that both nickel 
copper additions will make iron more cathodi 
Copper, however, is less soluble in iron than 
only about 0.5 percent being dissolved at 
temperature Nickel, on the other hand, is 
oluble in iron and, in addition, appears to 
ise the propensity for copper to dissolve in iron 
while iron contamimeg dissolved coppel should 
cathodic thar inalloved iron, allovs of iron 
both coppel and nickel should be even 
thodi This effect of nickel is substantiated 
esults given in table 1, in which cast irons 
steels containing copper and nickel are more 


wdie than plain steel and cast iron containing 


ent ol copper I 


2.2. Coupling and Soil-Moistening Procedure 


Sections cut from 4-in. cast-iron pipe glands (com 
ponents of mechanical joints) were bolted together to 
form fest jomts Kight couples were assembled as 
shown in figure 2, using a different bolt material for 
each couple In order to permit measurement of 
currents and potentials, the couple components wer 
insulated by bushing the holes in the gland sections 
with Bakelite tubing and placing Bakelite washers 
under the heads and nuts of the bolts For electrical 
connections, No. 8 single conductor rubber-covered 
copper wires were threaded and screwed into. the 
gland sections and bolt heads, and molten asphalt 
was applied around the threads to reduce galvani 
action When electrical measurements were not 
being made, the bolts and gland sections were 
directly connected as shown in figure 2 

Prior to assembly, the bolts were degreased, wire 
brushed and weighed The cvland sections were also 
degreased, sand-blasted to remove paint, and weighed 
Metal cans, 12 in. in diameter by 14 in. high, for 
holding the soil and couples were prepared by pet 
forating the bottoms and covers with “In holes 
about 1 in. apart and painting the metal surface, 
inside and outside, with two coats of bituminous 
paint 

(bout 4 in. of dry soil was placed in the can, and 
the couple was centrally positioned on the top of the 





soil. The can was then filled with soil to within 4 in. 
from the top, allowing the insulated wires and con- 
nectors to protrude above the soil to within about ! 
in. from the top of the can 
After being weighed, the cans containing the soil 
and couples were placed on ‘s-1n high Bakelite sup- 
ports in shallow galvanized pans (18 in. diam by 3 
in. high). Water was poured into the shallow pan 
to a depth of about 1 in. and the soil moistening 
proceeded by capillarity The water was main- 
tained at this depth until the can and contents in- 
creased in weight by an amount equal to 30 percent 
of the weight of the dry soil contained therein. This 
final weight was maintained for the duration of the 
l-vear exposure period by the occasional addition of 
water. Except during the making of electrical 
measurements, the perforated covers were placed on 
the cans to reduce evaporation and drying of the 
soil 
2.3. Electrical Measurements During Exposure 
Galvanic currents between the components of the 
ples and the open-circuit potentials of the com- 
measured biweekly during the initial 
ths of exposure, and monthly thereafter. The 
rrents were measured with a zero resist- 
ameter prior to placing the couples on open- 
for the potential measurements. The poten- 
were measured with a potentiometer and a 
copper-sulfate reference half-cell with the ref- 
nee electrode being positioned on the surface of the 
Two potentials were 


nts were 


ODDe! 
sh 


soil directly over the couple 
obtained on each bolt, the first being read as quickly 
as possible upon open-circuiting the couple, and the 
second after permitting the couples to stand on open- 


circuit for about 30 min. Polarization effects oc- 
curring on the bolts were indicated by the change in 
potential between the two readings, and, as will be 
shown later, such polarization was also indicated by 
the open-circuit electromotive force between a gland 
section and a bolt, because the gland section polarized 
relatively little 

Cathodic polarization curves were obtained on each 
bolt before disassembling the couples for cleaning 
and weight-loss measurements. These data were 
desirable because the breaks and slopes of such 
curves have been shown to be related to the instan- 
taneous rates of corrosion [4]. Before obtaining the 
polarization curves, each couple was left standing on 
open-circuit for 24 hr to permit time for stabilization 
of the potentials and to observe the differences of 
potential between the various bolts and the glands. 
The polarization data were obtained with an elec- 
tronic interruption measuring circuit [9]. Equal 
increments of current were applied at arbitrary 
time intervals of 3 min. 


3. Results 


3.1. Effect of the Galvanic Current on the Gland 
Sections 


Although the study was directed chiefly to the | 
behavior of the bolts, the possible corrosive effects 
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on the anodic member of the couple could not 

dismissed. The bolts of all the couples were eat 
odic to the gland sections throughout the test peri 
even though the potentials of the cast-iron by 
1% Cu) and the plain carbon-steel bolt (table 
were within 5 mv of the cast-iron gland mate: 
which could result in a potential reversal. Such 
reversals have been observed at the Bureau with 
plain ferrous bolts and the cast-iron bolts containing 
only 1 percent of copper. The weight losses th 

occurred on the gland sections are tabulated in 
table 2. To compare the effect of normal corrosion 
on a gland section with the effect of galvanic cor- 
rosion superimposed on normal corrosion, a coup! 
was assembled in which the components were left on 
open-circuit throughout the exposure period. It is 
noteworthy that the weight 95.25 g, that 
occurred on the gland sections of this joint is greate 
than the weight losses of the gland sections refaoved 
from 50 percent of the galvanic couples, including 
the couple with the cast-iron bolts containing 2 per- 
cent of nickel in which the galvanic current was 
relatively high. These data show that local action 
currents on the gland sections were reduced as a 
result of galvanic current because, except for the 
couple with high-alloy cast-iron bolts, the weight 
losses of the gland sections were less than the sum of 
the weight loss attributed to galvanic current (table 
2) and the weight loss (95.25 g) of the open-circuited 
gland sections. The reduction of the weight loss 
resulting from local action currents follows becaus¢ 
of anodic polarization due to the galvanic current 
[4,5]. Top and elevation views of the gland sections 
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* Average value based on the area under the current versus time curve 
368 days 

» Weight loss of 2 gland sections, mechanically but not electrically cou; 
was 95.25¢. The gland area exposed to the soil was 56.6 in. 


¢ Calculated by Faraday’s law 
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FIGURE 3 


4 was bolted but not g 


leit on open-circuit and gland sections (B 
cally coupled by bolts 321 and 322 (table 2) are 
wn in figure 3. There is some slight evidence in 
photograph B of concentrated attack, perhaps 
to the galvanic current, which attack probably 
vould be minimized on a normal underground struc- 
where the area relationship would be more 


Ol able 
3.2. Effect of the Galvanic Current on the Bolts 


Significant electrical measurements pertaining to 
bolts are shown in table 3. The open-circuit 
omotive force between the bolts and the gland 
ms after 100 days and 368 days of exposure are 


ated in columns 5 and 6, respectively The 


t rea under the current-time curve for 368 days 


sure period (see text 
Hereafter, this is always so whenever the 


m the 
{ the « 


oss of the n 


rage Value based 
tained at the end « 
ides weight | 


Top and elevation views of two sets of gland 


set B was 


ilvanically coupled 


tions afler soil exposure year in the laboratory 


bolted and ¢ \ivar 


values shown for the 100-day exposure period were 
obtained after the couple had been left on open- 
circuit for 30 min, and the potential differences given 
for the 368-day period were measured after the couple 
had been left on open-circult for 24 hr Even though 
vland-section to bolt-area ratio 
2 to 1, the change of the gland- 


the exposed was 


approximately only 


potentials, not shown, from closed-circuit 


section 
to open-circuit was relatively small, in fact, a 
imum of 25 mv in the case of the couple with the 
nickel-copper alloy bolts. The magnitude of the 
potential difference between a bolt and gland see- 
tion, after open-circuiting, depended upon the 
amount of current that flowed when the circuit was 
The reduction of the local action currents 
a result of the galvanic 
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assume 


the gland caused the bolts to 
made of 


cathodic potentials [7]. Thus, for bolts 
materials having similar rates of corrosion, such as 
the 3 varieties of cast iron or the 3 kinds of steel, 
table 3, the larger galvanic currents generally pro- 
vided for better protection of the bolts, as shown by 
the larger potentials and the corre- 
spondingly lower weight losses 

It has also been shown {7] that cathodic polarization 
curves can be of value in predic ting the degree of 
protection achieved as a result of previously applied 
external current, provided not too much time is per- 
mitted to elapse after the current is removed. In 
the present study, after 368 days the couples were 
open-circuited, and then after the lapse of 24 hr 
were connected in series with an external source of 
direct current and cathodic polarization data ob- 
Polarization were then drawn for 
each bolt. The currents, J,, at which significant 
breaks in the curves were observed and the 
slopes of the curves after the breaks are tabulated 
in table 3. Previous work [4] has shown that smaller 
or greater slopes after the break in the 


sections, 


open-circuit 


tained curves 


also 


values of J, 
curve, signify lower instantaneous rates of corrosion 
This relationship is generally shown by the data and 
reflected by the weight losses of the east-iron bolts 
and also of the group of steel bolts 

The extent of reducing the corrosion on the bolts 
by making them cathodic to the gland sections that 
they coupled is shown by the data 3 and 4, 
table 4) and by figures 4 and 5. These data show 
the beneficial effects of relatively small amounts of 
alloying constituents, particularly 1.5 to 2 percent 
of nickel. The cathodic nature of high-alloy cast 
iron and nickel-copper alloy resulted in almost 
negligible corrosion of the bolts fabricated of these 

Although the average galvanic current 
on all but two specimens is much greater 
current required for cathodic 
corrosion 1s not 


materials 
table 3 
than the current, 7 
protection complete cessation of 


Nickel-copper alloy 


* Average to 2 bolts 
> Weight loss (grams Ail, whe K = 2.8038 10-4 
expressed in seconds; and /=0.83 /, (table 3) in amperes 


g/coulomb; {=368 days, 
see text 


if 
if 


A B 


FiGcuri as m bolts exposed to Atlant 


yea n the laboratory 


to be expected because the gland sections furnishing 


the current limited the potentials assumed by 
bolts, preventing a drift in potential to the protect 
value {7}. 

The effect of exposure time on the corrosion ra 
of the various bolts is shown by the calculated d 
(col. 5, table 4). The calculated weight losses 
which the data in column 5 are based were figu 
from the breaks, J, in the cathodic polarizat 
curves (table 3). The value for J substituted in 
Faraday equation, footnote b, table 4, has bi 
previously shown to be quite reliable for plain ferrovs 
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\tlantic 


ed to 


rials corroding in soils [4]. A comparison of 

data in columns 4 and 5 indicates, in general, 
it all of the bolts were corr ding at a lesser rate 
the conclusion of the laberatory-exposure period 
in previously and particularly so the cast iron 
Ni, 1 Cu) and the Cr-Ni-Cu-Si steel bolts. Cor- 
sion of the cast-iron bolt (2 Ni, 1 Cu) seems 
ve been halted 
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4. Considerations in Bolt Replacement 


4.1. Graphitization of Cast Iron 


Wesley, Copson, and LaQue [10] have investigated 
experimentally the effect of graphitization on the 
normal corrosion of cast iron and also the galvanic 
action as a result of coupling graphitized and un- 
graphitized cast iron. These investigators found 
that the graphitized cast iron was cathodic, with the 
potential depending upon the thickness and porosity 
of the graphite coating. Such facts must be con- 
when planning the replacement of bolts, 
especially on underground cast-iron pipe lines 

In order to study potentials of graphitized and 
ungraphitized cast-iron specimens, with particular 
emphasis on the effect of time, measurements were 
made with Atlantic City soil by the method pre- 
viously described. Approximately 6 in.’ each of 
duplicate specimens were exposed to puddled soil 
The graphitized pieces were cut from the corners of 
a cast-iron plate that had been exposed to a corrosive 
soil for 13 vears. The areas of iron that became 
exposed by cutting were covered with two coats of 
bituminous paint. The data obtained are shown in 
figure 6 As observed by Wesley, Copson, and 
LaQue, there is a decrease in potential difference 
with time between the graphitized and ungraphi- 
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tized specimens. The data of figure 6 extend over a 
longer time period than the data obtained by these 
investigators. The large potential difference observ- 
ed after initial exposure is of no particular signifi- 
cance, and for the period between 40 and 200 days 
it is questionable whether there is any significant 
potential difference. However, for the last 60 days 
of exposure both of the previously graphitized 
specimens were cathodic to the previously unex- 
posed pieces, therefore, indicating that graphitiza- 
tion should be considered when replacing bolts on 
underground cast-iron structures 


4.2. Potentials of Low-Alloy Steels 


Because of the tendency of cast iron and even plain 
steel, after long exposure, to assume potentials 
cathodic to similar materials previously unexposed, 
such as replaced bolts, made it desirable to measure 
the potentials of additional alloys that might be used 
for fabricating bolts. Potentials of 4 chromium 
steels and a cast iron containing 3.1 percent of nickel 
are tabulated in table 5. The average values are di- 
rectly comparable with the average potentials re- 
corded in table 1, being made in the same soil and 
under the same conditions. The average potential 
variation between the two specimens of each alloy 
was less than 2 millivolts. The effect of the amount 
of chromium on the potential is noteworthy. The 
steels containing 4.67, 5.02, and 5.76 percent of 
chromium are significantly cathodic to the steel con- 
taining only 2 percent of chromium and, of course, 
to plain steel and cast iron. The potential measure- 
ments were carried on for a considerably longer pe- 
riod than were most of the measurements shown in 
table 1. This was necessary because the potentials 
continued to get more cathodic as time went on, as 
will be noted by comparing the average and final 
readings (table 5). As shown by the data (tables | 
and 5), steel alloyed with about 5 percent of chro- 
mium is cathodic to plain steel or cast iron by at least 
50 mv, and therefore might be a desirable material 
for use in the fabrication of bolts. The increase of 
nickel content in cast iron from 2 to 3.1 percent also 
seems to have a significant effect on the potential, 
as will be observed by comparing the potentials in 
tables 1 and 5. 


Potentials of low-alloy ferrous materials in puddled 
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TABLE 5 


Potential, referred to saturated 


Material alom 
oO < 


Expo 
sure 


‘Identin- “me 


| cation Average 


Composition Initial * | Final « 


' 
Steel (2 Cr, with Mo KK —0. 663 
Steel (4.67 Cr, with Mo E 5 iy 636 
Steel (5.02 Cr D 5 —. 623 
Steel (5.76 Cr, with Mo H 5 623 
Cast iron (3.1 Ni N 5 — 49 


* Average of 2 specimens 
» Average of 19 measurements made on « 
exposure period 


ach pair of specimens throughout the 





5. Effect of Exposure on the Galvanized. 
Iron—Iron Couple 


Long-time underground-exposure tests ha 
shown, particularly in alkaline soils, that galvaniz 
steel is superior to bare steel [11]. However, 
cannot be concluded that galvanized bolts should 
more corrosion resistant than plain-steel bolts ; 
underground mechanical joints because in tl 
application galvanic rather than local corrosi 
becomes predominant. Under such conditions t! 
zinc coating would soon be completely corrod: 
away and the alloy layer exposed to the soil. 

While experimenting with iron—zine-iron all 
couples in tap water, even at room temperatu 
Britten [12] found that the alloy layer becany 
cathodic to the iron. Later, as a result of simila: 
experiments, Gilbert [13] states, “the alloy remains 
cathodic to steel in the aerated supply water, whethe: 
hot or cold.” Gilbert also found that zine can 
become cathodic to iron under aerated conditions 
but that the alloy layer was always cathodic to 
zine under similr conditions. In aerated solutions 
Hoxeng [14] observed that the reversal of the zine- 
iron couple was promoted by the addition of bi- 
carbonates and nitrates but that chlorides and 
sulfates decreased the probability of reversal. Re- 
cently, Romanoff [15] measured the potentials of 
zine, zinc-iron alloy layer, and steel in 12 soils by 
the method [7] previously described. The 
varied in pH from 3.1 to 8.0. The resistivities of 
eight of the soils were below 400 ohm-cm. Ip 
none of the soils was the zine found to be cathodi 
to steel, but in 11 soils the zinc-iron alloy layer was 
observed to be cathodic to steel on the average by 
100 mv. Romanoff prepared the zine-iron alloy 
layer by electrolytic stripping. This must not be 
confused with the surface resulting from exposure of 
galvanized iron to soil corrosion which surface was 
observed to be anodic to steel in all the soils. 

The findings of the above investigators suggest th 
possibility that galvanized bolts underground, at 
least in some soil environments, may actually become 
cathodic to the structure of which they are a part 
To investigate such a possibility under somewhat 
extreme conditions, a couple was prepared for 
exposure to a 0.2-percent potassium chloride solution 
in the laboratory at room temperature. Such a 
solution is equivalent in resistivity (approximately 
400 ohm-cm) to a very corrosive soil. As the area 
ratio of structure to bolt is relatively large on under- 
ground systems, this area relation was also carried out 
in the laboratory experiment. The low-carbon 
steel that formed one element of the galvanic couple 
was in the shape of a disk (1/32 in. thick by 11 in 
diam). The other element (hot-dipped galvanized 
iron) of the couple was ring-shaped having an 
exposed area of 1.3 in.2? The ring was insulated from 
the disk and centrally mounted about | in. above i! 
Rubber-insulated copper wires were soldered to eac!i 
of the elements and the solder and exposed copper 
coated with bituminous paint. The couple was 
placed into a glass jar (11.5 in. diam by 12 in. hig! 
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URE 7 Effect of exposure time on the galvanic current of a 
galvanized iron- iron couple exposed to a 0.2-percent potassium- 





hloride solution at room temperature 


vanie current wasinitiallyi15ma. After five additional months of exposure 
rection and magnitude of the galvanic current remained unchanged 


filled with the potassium-chloride solution and 
rested on insulators about 1 in. above the bottom of 
the jar, with the galvanized ring toward the top. 
The relation between the galvanic current, measured 
with a zero resistance milliameter, and time of 
exposure is shown in figure 7. The experiment 
showed that the zine coating of itself offered no 
particular advantage, being removed rapidly, as 
ndicated by the rapid decrease in current, but that 
the secondary effect of potential reversal must 
invariably result in some electrochemical protection 
of the exposed alloy layer. The experiment also 
suggests the likelihood of similar action underground, 
especially in soils of higher or perhaps even equivalent 
resistivity. 


6. Summary 


Galvanic couples consisting of cast-iron gland 
ections and bolts of steel and cast iron alloyed with 
mall amounts of nickel and copper and bolts of 
gh-alloy cast iron and nickel-copper alloy (70-30) 
ere exposed to a corrosive soil in the laboratory for 
period of 1 year. Even though galvanic current 
etween a cathodic bolt and a structure will produce 
eight loss in accordance with Faraday’s law, the 
aboratory data show that local action on the 
tructure is reduced by the galvanic current and 


hat the overall effect is apparently not detrimental. | 


This should be particularly true if the structure is 
relatively large and fabricated of heavy material. 

It is shown that the relative reduction of weight 
loss of the cathodic bolts can generally be predicted 
by potential changes of the bolts after placing the 
couples on open-circuit. The relative degrees of 
protection produced by the galvanic currents on the 
various bolts after exposure for 1 year were also 
indicated by cathodic polarization curves. 

The effect of graphitization of cast iron as a 
result of 13 years of field exposure on the potential 
is shown by comparison with the potential of 
yreviously unexposed cast iron. The importance js 
rought out of the length of exposure time wher 
making potential measurements. 

Potentials of steels containing chromium in vary- 
ing amounts between 2 and 5.76 percent were meas- 
ured in a puddled soil. Steel alloyed with 5 percent 
of chromium was observed to be cathodic to un- 
alloyed ferrous material by about 50 mv, indicating 
that it might be a desirable bolt material especially 
for bolt replacement purposes. 

The behavior of galvanized bolts underground, 
at least in some soils, is suggested by an experiment 
in which it was observed that a potential reversal 
occurred in a couple consisting of galvanized iron 
and low-carbon steel. The electrolyte used was a 
solution of 2,000 ppm of potassium chloride in tap- 
water at room temperature. This chloride concen- 
tration is greater than that of many corrosive soils 
and considerably in excess of the amount heretofore 
believed sufficient to prevent a reversal. 


The author gratefully acknowledges the coopera- 
tion of the United States Pipe & Foundry Co., 
American Cast Iron Pipe Co., Youngstown Sheet & 
Tube Co., and the Carnegie-Illinois Steel Corp. in 
supplying most of the materials for this study 
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Heat Capacity of Gaseous Perfluoropropane 
Joseph F. Masi, Howard W. Flieger, Jr., and John S. Wicklund 


An accurate flow calorimeter, previously described 


capacity 
each of the temperatures 
to 0.1 percent, 
obtain the ideal-gas heat capacity (( 
of C® are 31.10, 34.22, 37.02, and 
temperatures of measurement 


of gaseous perfluoropropane (CFs 
30°, 10°, 50 


1. Introduction 


perimental gas heat capacities, obtained at sev- 
low pressures and over a range of temperatures, 
be helpful in interpreting molecular structure 
spectroscopic data and in studying equations of 
at low pressure. The present investigation was 
rtaken as part of a comprehensive study of the 
nodynamie and structural properties of fluoro- 
The heat capacities of gaseous hexafluoro- 
ine ' and perfluorocyclobutane ? have previously 


ons 
reported 
2. Experimental Procedure 


2.1. Material 


\ specially purified sample of perfluoropropane 
F.) was very kindly furnished by the Minnesota 
lining & Manufacturing Corp. The entire sample 
s evaporated in a closed system while surrounded 
a mixture of carbon tetrachloride and chloro- 
cooled with dry ice to about 2 deg below the 
nal boiling point of C,Fs 38°C The vapor 
vas condensed in a trap at liquid-nitrogen tempera- 
During this distillation the system was con- 
iously pumped with a high-vacuum apparatus 
First and last portions (about 25 g each) of the 
stillate were discarded. There obtained a 
sample of about 450 g for use in the experiments 
\ mass-spectrograph analysis of the sample, per- 
ned after most of the heat-capacity data had been 
en, showed only a trace (less than 0.1 percent) of 
CF.CIl* and CF,H* ions. A gravimetric determina- 
mn of the amount of carbon dioxide and moisture 
sent was made by passing the entire flow-calorime- 
sample, as vapor, through tubes of Anhydrone 
| Asearite. Absorption of less than 0.01 percent 
s obtained. It indicated that impurities 
ould affect the heat-capacity measurements by 
h less than 0.1 percent. 


was 


was 


2.2. Apparatus and Method 


(he construction and operation of the flow cal- 
neter have been described in detail;* a résumé 
also been published.‘ 
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2° 


have been extrapolated to zero pressure at eac h 
and the pressure coefficient of heat capacity 
39.49 calories mole 


been used to measure the heat 
up to 1.5 atmospheres at 
results, believed accurat« 
temperature, in order to 


Values 


at the four 


has 
pressures 
HO” ¢ he 


at three 
and 


degree ( respectively, 


The heat capacity was determined at a number 
of different flow rates at each temperature and pres- 
sure, so that the effect of any residual heat leak 
could be eliminated by extrapolation to the zero of 
reciprocal rate. “Blank’’ determinations were made 
at several rates at each temperature and pressure to 
measure the amount of cooling, 67, experienced by 
the gas in passing through the calorimeter when no 
heat was applied. A total of 57 heat-capacity ex- 
periments and 67 blank experiments was made. 


3. Results 


The important data for all of the heat-capacity 
experiments are given in table 1. The values of heat 
capacity, C, (column 7) were calculated from the 
power, W; the flow rate, F; the rise in temperature, 
AT; and the temperature fall, 67, in the correspond - 
ing blank experiment, by the relation 


a, W 
“F(AT+6T) 


These have been corrected by the amounts in column 
8 in order to bring all results to the nominal mean 
pressure, P», and mean temperature, 7',,, to yield the 
values of ‘‘C, (observed)”’ appearing in column 9. 

The values of “C,, (observed)’’ were plotted against 
the reciprocal of flow rate, and straight lines were 
fitted by least squares. Typical plots are given in 
figure 1, which the results at 10° C. An 
analysis of variance, performed under the direction 
of W. J. Youden of the Bureau’s Applied Mathe- 
matics Division, indicated that, for the data as a 
whole, the variation in slope of these lines was 
statistically significant. Consequently, the least- 
square intercepts have been retained in all cases as 
the desired value of heat capacity at each tempera- 
ture and pressure, indicated as “extrapolated value’’ 
in table 1. The precision of the data is indicated by 
the value of o, where o vo (n—1), d is the 
deviation of each point from the appropriate line, 
and n is the number of experiments for each line 
The average value of ¢ is equivalent to +0.03 percent 
of the heat capacity. 

Results are summarized in table 2, having been 
converted to calories mole ~! degree (The defined 
calorie, equal to 4.1840 j, here.) <A slight 
correction has been made, where necessary, for the 
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effect of curvature of the heat capacity-temperature 
function. Values of the heat capacity of the ideal 


ras CF, were obtained by extrapolation of the results 


{ 


» zero pressure al each temperature of measurement, 
and are given as ““C®, observed”’ in table 2. 

There has been no complete assignment of the 
vibration fundamentals of perfluoropropane, and 
consequently statistical calculation of the ideal-gas 
heat capacity cannot yet be made. Also, there are no 
density data available for CyF. so the values of 
the pressure coefficient of heat capacity, given in the 
last line of table 2, cannot vet be used in determining 
the constants of a low-pressure equation of state. 

The experimental values of ( for hexafluoro- 
ethane (see footnote 1), perfluoropropane, and per- 
fluorocyclobutane (see footnote 2), together with a 
calculated value ° for carbon tetrafluoride, are com- 
pared at one temperature (50°) in figure 2 by plotting 
against molecular weight. Similar plots are obtained 
at other temperatures. It is that a nearly 
constant increment of heat capacity per mole 
(amounting to about 10.3 cal deg~' mole@'! at 25° C) 
may be indicated for each added CF, group, at least 


vas, 


seen 
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in the straight-chain series In the case of paraffin 
hydrocarbons, constancy of heat-capacity increments 
per added CH, group occurs in the higher members 
of the series, beginning at about n-hexane. 
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